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INTRODUCTION 


I . 

The Multlspectral Resource Sampler ”Proo£*>o£-Concept " Study 
is Intended to be a comprehensive analysis o£ the corrections that 
must be applied to MRS data to allow £or atmospheric correction 
£actors and the variability of bidirectional reflectance from the 
scene . 

In order to assess the present state-of-the-art in these areas 
a literature review and analysis was Initiated at the outset of the 
study. The reviews and analyses which are Included have been 
compiled by: 

DR. James A. Smith BIDIRECTIONAL REFLECTANCE 

MR. Kenneth J. Ranson BIDIRECTIONAL REFLECTANCE 

DR. Philip N. Slater ATMOSPHERIC CORRECTIONS 

DR. Robert A. Schowengerdt ATMOSPHERIC CORRECTIONS 


Their efforts include short descriptions of the more pertinent 
papers and bibliographies of the materials which have been reviewed 
The two Literature Surveys, Bidirectional Reflectance and 
Atmospheric Corrections, have been published under separate covers 
for ease of reference. 
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II BIDIRECTIONAL REFLECTANCE STUDIES 

LITERATURE REVIEW 


October, 1979 


PREPARED BY: Dr. J. A. Smith and 

Mr. K. J. Ranson, 
Consultants 
ORI, Inc. 

Silver Spring, MD 20910 
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2 .0 INTRODUCTION 


The present bibliography was compiled in order to present a fairly 
comprehensive review of previous work in scene bidirectional reflectance* 
particularly thoie studies relevant to the Multispectral Resource 
Sampler (MRS)(Schnetzler and Thompson, 1979) • The literature review 
has been prepared in two parts. Part I, reported here, is a bibliography 
of the pertinent references. It was found convenient to organize the 
selected references into four broad categories: 2.1 Theory and Models, 

2.2 Measurements further broken down into laboratory, field and 
platform, 2.3 Applications and Techniques, and 2.4 Definitions. 

First, an overview of the references contained in each section is given. 
Then an alphabetical list of the references by section and, finally, 

Che individual citations with abstracts are included. 

Part II, is a synthesis of the literature results in narrative 

form. 

The Multispectral Resource Sampler (MRS) is a proposed sensor system, 
operating in Che 0.36 to 1.0 micrometer region, to be flown by the 
National Aeronautics and Space Administration in the mid 1980 's. The 
MRS is to be a poinCable sensor with across track pointing up to + 40“ 
and along track pointing up to 55“ . The proposed data acquisition needs 
and satellite trajectories will also result in the imaging of scenes 
under a range of sun angles. It is thus important to determine the 
angular reflectance characteristics of natural targets as summarized in 
the bidirectional reflectance distribution function, BRDF. If the BRDF 
exhibits significant anisotropy, then correction procedures must be 
investigated in order to utilize mulcicenporal data sets imaged under 
different view or illumination angles. Similarly, it is of interest to 
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determine If new channels of information are provided by a knowledge of 
Che angular distribution of reflected energy. 

In order to fully document Che relevant surface anisotropy effects 
on a sensor such as the MRS, one must also consider the intervening 
atmospheric effects. However, a separate literature review study 
focusing on these effects is being prepared by ocher investigators. 
Consequently, articles dealing primarily with the atmospheric processes 
have been omitted from this report. Further, the bibliography Includes 
only those references dealing with directional scattering properties 
of natural targets. 

The references reported here were obtained from a computerized 
retrieval search through NTIS and other sources, as well as from the 
authors' own literature collection. We believe the list is fairly 
comprehensive, but not necessarily exhaustive. Remote sensing is a 
rapidly evolving field. As in all literature reviews, a cutoff date 
had to be imposed. Thus, very recent symposia, for example the Thirteenth 
International Symposium on Remote Sensing of Environment and the 1979 
Symposium of Machine Processing of Remotely Sensed Data are not 
Included, In general, articles beyond May 1979 were not reviewed. 

There appear to be an abundance of measurements of directional 
reflectance properties of natural materials, Section III. However, 
there is considerable confusion and variability in the interpretation 
of the measurements and experimental procedures. The references in 
Section IV help explain the preponderance of terms and conceptions in 
the literature. The experimental situation is also often obscured by 
the lack of backup documentation of the materials studied. Several 
theories of canopy reflectance have been developed. Section I, The 
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theoretical foxindaclon for Infinite plane-terrain models appears strong. 
Further extension of these techniques to heterogeneous canopies is 
required. The possible utilization of the directional scattering prop- 
erties of natural materials for increased information extraction has 
only recently been addressed. Section III. Primarily, this appears to 
be a result of the experimental difficulties in registering aircraft 
multlspectral data and accotinting for atmospheric variability during 
flight acquisition time's. The reflectance models predict Increased 
biomass discrimination given off-angle measurements. The advent of 
sensor systems such as the MRS which provide a stable platform and 
rapid acquisition times warrants further research in this area. 


Schnetzler, C.C. and L.T. Thompson. 1979. Multlspectral Resource 
Sampler; An Experimental Sensor for the Mid-1980’s. Proc. 
SPIE Tech. Symp., Huntsville, AL May 22-24, Vol. 183. 8 p. 


2 . 3 


2.1 THEORY AND MODELS 


We have identified 45 references which are concerned with radiative 
transfer calculations in the optical regime and oriented towards a 
remote sensing perspective. We have not included any of the numerous 
references dealing with light Interception as applied to photosynthesis 
studies. The references may be grouped naturally into three general 
areas: (1) Canopy Reflectance Modeling, (2) General Radiative Transfer 

Theory, and (3) Application of Radiative Transfer Theory to measurement 
interpretation. 

Approximately 30 of the references deal with canopy modeling. 
However, upon closer examination we find that only a few investigators 
have actually concerned themselves with this problem. There is the 
classic work of Allen and Richardson (1968), Allen, Gayle, and Richardson 
(1970), and Duntley (1942, 1969). Allen and Richardson were among the 
first Investigators to apply physically based radiative transfer theory 
to vegetation canopies. Allen, Gayle and Richardson demonstrated that 
the Duntley equations could be Interpreted to Include effects of sun 
angle on plant canopy. Thus, they are able to explain diurnal reflec- 
tance versus sun angle. Recently, other Investigators also with the 
U.S. Department of Agriculture, primarily Idso and deWit (1970) and 
Jackson e;t (1979) have initiated new model development. The 
reference by Jackson ^ al, is given in the section on Applications 
and Techniques, Section III. 

Canopy model studies are currently dominated by two strong schools 
of thought. The first of these is exemplified by the Suits (1972) model. 
Nine of the references explain the development of this model and the 
application of the model by various scientists. Also Included are 
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stisXyscs of th® nwdd by Chflncc snd LcMascct (1977) ®t Pah AjncrlcAti 
University. The Suits model represented an advancement over the earlier 
work of Allen and Richardson, in that it allowed the stratification of 
a canopy into layers* It is a deterministic model which utilizes the 
radiative transfer equations directly. The second major thrust in canopy 
modeling was initiated by Smith and co-workers (1972) at Colorado State 
University. Five of the references are spinoffs from this work. The 
SRVC (Solar Radiation Vegetation Canopy) model is a Monte Carlo model 
which simulates light interaction with the various layers of a vegetation 
canopy. Both the Suita and SRVC models are Infinite plane terrain models 
which predict bidirectional reflectance properties of the canopy as a 
function of intrinsic canopy characteristics. 

A major effort in canopy modeling studies also appears to have been 
undertaken by the Dutch, principally Bunnik (1978) at NIWARS. Other 
investigators include Goudriaan (1977) and Verhoef and Bunnik (1975,1976). 

The paper by Bunnik is p.?* !.lv*.ularly significant. 

Finally, in the model studies area there are a number of other 
investigators which contribute four of the references. Norman (1979), 
currently at the University of Nebraska, has undertaken recent work on the 
application of radlatve transfer theory to non-homogeneous canopies. The 
reference by Ross (1976) is an entree to the Russian literature which is 
quite extensive. In this category it should also be mentioned that an 
Important effort was undertaken by Egbert (1977) and Ulaby at the University 
of Kansas. The reference by Egbert is given in the section on Applications 
and Techniques. However, no further model development or application appears 
to have been continued by the Kansas group. 
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The second category of references in this section deal with general 
radiative transfer theory, although not necessarily applied to natural 
scenes. The classic texts of Chandrasekhar (I960) and Prelsendorfer (1965) 
are fundamental to the field. The review article by Ishlmaru (1977) la 
comphrehensive. The article by Leader (1971) Is significant. 

Finally, five of the references deal with the application of radiative 
theory as required to understand or Interpret measurements. Two of the 
Investigators deserve to be highlighted, Krlebel, ^ al, (1976) demonstrate 
that the determination of the bidirectional reflectance distribution function 
requires a knowledge of the sky radiation and path radiance terms. He 
outlines an Iterative procedure for solving the combined atmospheric/scene 
radiative transfer system. Other references by Krlebel are given In the 
section on Measurements, Section 2.2. The work by Egan dealing with 
polarization properties of surfaces should be noted. Again, other references 
by Egan are given In Section 2.2. 

In summary, a solid, but recent, body of knowledge exists for the 
calculation of the bidirectional 'reflectance distribution function for 
some plant inoples. Principally, these Include crops, rangeland, and 
grasses which have a uniform cover and large areal extent. The Suits and 
Smith models have also been applied to forest canopies. The models are 
not as well developed to handle heterogeneous situations such as crops 
with significant row structure. However, these areas are now being 
Investigated. Considerable ground control information concerning canopy 
structure is required to drive the models. 
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2.2 MEASUREMENTS 


We have broken down the references In the measurenents section 
according to whether they were primarily made in Che laboratory, in chc 
field, or from a platform such as aircraft or satellite. The separation 
of the references into these three categories is not always unique. Many 
investigators will gather both field and aircraft measurements, for example. 
Further, many experimenters will incorporate a significant amount of 
theory to interpret their measurements. Nevertheless, the breakdown 
appears to be a workable modus operand! . 

A. LABORATORY 

• 

Most of Che Laboratory references we have selected are from the 1970's 
with the exception of the early work by Coulson (1965, 1966) and Gates, 
e£ al , (1965). One would think that there would be hundr' ds of references 
dealing with laboratory measurements of scattering properties from natural 
target materials. As a matter of fact, this does not appear to be the rase. 
Perhaps, the remote sensing field is so indoctrinated with the concept 
that things appear differently In Che field under natural illumination 
chan in Che laboratory under artificial conditions, that many investigators 
question the value of laboratory measurements. As pointed out by i.ome 
of the references in the section on field measurements, there is still 
a need to gather further laboratory measurements under controlled and 
known illumination. 

Under labo’ :..'ory measurements, the classic work of Coulson must clearly 
be highlighted. Coulson performed several measurements of directional 
reflectance or hemispherical conical reflectance of natural surfaces. 

These surfaces Included soils, clays, qua-tz, ind some vegetation. Visible 
and near-IR measurements, as well as polar Tati. on analyses, were performed. 
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Coulson also made measurements In the field as Indicated In the next 
section. Ocher early references Include Cates, al « (1965) and Hapke 
and Van Horn (1963). 

The paper by Breece and Holmes (1971) is very significant in that 
it la Che only paper the sathors could uncover chat performed detailed 
bidirectional scattering measurements of component foliage elements* The 
work was carefully executed and gives the directional distributions for 
both transmission and reflectance. As the canopy reflectance models, 
referred to in Section I, become more sophisticated, these types of 
measurements will become essential. Further work needs to be done in 
this area; however, no one seems to have continued along this avenue. 

The references by Egan (1968, 1970) include bidirectional photometry 
and polarization studies of crops and soils. As with other investigators, 
Egan points out tne highly dependent nature of reflectance with view angle. 

Finally, the continuing research of Graham Hunt and coworkers (1976) 
at the U. S. Geological Survey dealing with laboratory measurements of 
geologic materials should be noted* 


B. FIELD 

Probably, the most significant source for field measurements is the 
work emanating from the Large Area Crop Inventory Experiment (1978). 

This material is archived at LARS (Bauer, e t a 1 . , 1977, 1978), There is 
heavy emphasis on wheat, although other crops are also included. Most 
of the measurements were taken under a nadir looking view angle. However, 
variable sun angle and phenology are included. Further, there is good 
supporting ancillary data. 

Again, the work by Coulson and Reynolds (1971) contains reflectance 
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information versus solar elevation for soils, asphalt, alfalfa, rice, 
sugar beets, bluegrass, and sorghum. Other sources of albedo values 
include the Target Signatures Library of the Willow Run Laboratories, now 
ERIM, (Earing and Smith, 1964), The Russian work by Kondratiev, et al. 

(1964; Steiner and Cuterman, 1966) contain good albedo references for a 
wide variety of materials. 

Other agricultural reflectance data are available in Verhoef and 

Bunnlk (1976), de Boer, et al . (1974), Kanemasu (1974), and the recent 

paper by Rao, Brach, and Mack (1979). This latter paper contains 

information on the angular effects versus leaf area index and percent 

ground cover. The data were corrected for view angle, solar zenith 
« 

and azimuth angles, and atmospheric effects. Information is given for 
barley, oats, and com. 

The references by Duggin (1977), Egbert and Ulaby (1972), and Smith, 
Berry, and Heimes (1975) contain further information on directional 
variability in crop signatures. The references by Tucker (1979) contain 
information on various ratio variables versus agricultural parameters. 

Field measurements for the directional reflectance of various types 
of snow using artificial light were obtained by Middleton and Knowles (1952). 
Snow appears to exhibit large increases in reflectance for large angles 
of incidence and reflection. The reference by Dirmhim and Eaton (1975) 
is a more recent reference summarizng diurnal variations of albedo for 
snow and ice. Freshly fallen snow is found to be highly isotropic, with 
specular components increasing with age. 

The reference by Fuller and Rouse (1979) is interesting for the lack 
of understanding exhibited in terms of the meaning of a reflectance 
parameter. They noted changes in reflectance for overcast versus clear 
skies with the directional component of reflected flux being small under 
overcast skies. They indicate that an overcast sky decreased the albedo 
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at large zenith angles for forest canopies. The authors clearly do not 
understand the coupling between the irradiance field and the bidirectional 
reflectance factor as explained in the references in Section 2.4. Definitions. 
The reference by Kimes. Smith, and Ranson (1979) is a good overall summary 
of this coupling and the interpretation of vegetation reflectance 
measurements as a i nction of solar zenith angle. 

C. PLATFORM (AIRCRAFT AND SATELLITE) 

While aircraft and satellite multlspectral scanners have been flown 
for several years, really few studies have been devoted to the use of 
these systems for estimating surface reflectance properties. Rather, 
pattern recognition and other classification approaches are performed 
directly on the radiance measurements themselves to extract the information 
desired. Under this category, however, we again find the ever present 
Coulson (1966), This reference contains measurements of reflecting and 
polarizing properties of various soils, sands, and vegetation in the 
visible and near-IR spectral regions. Coulson found that dark surfaces 
polarise reflecting radiation roost strongly while highly reflecting 
surfaces have relatively weak polarizing properties. 

Probably, some of the most significant aircraft measurements that 
have been obtained and analyzed are those by Krlebel (1974, 1976, 1978), 
Kriebel made a complete analysis involving both atmospheric and sensor 
considerations to derive a true bidirectional reflectance distribution 
function for four broad vegetation categories. These include bog, pasture, 
forest, and crops. The information available is very relevant to 
bidirectional reflectance studies and the MRS, However, it is apparent 
that some numerical inversion errors accumulated in the analysis. The 
tabular data do not always satisfy the reciprocity relationship. The data 
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are averaged over solid angles of 30 degrees azimuth and 10 degrees 
zenith angle. For all surfaces, anisotropy increases with increasing 
zenith angle of incidence, apparently due to the shadowing effects in 
the vertical canopy structure. 

The data given by Salomon son (1966) and Salomonson and MarlatC (1968, 
1971) Indicate anisotropy over various surface materials. For example, 
backs catterlng predominates over grassland surfaces at large solar 
zenith angle. The ratio of average observed reflectance to the minimum 
observed reflectance varied from 1,09 to 1.40. Measurements over 
vegetation, soils, snow, and white gypsum sand are given. 

' The references by Duggin (1974), Hoffer (1974), and Smith, Lin, and 
Ranson (1979) contain useful information for the documentation of the 
anisotropy to be expected for satellite measurements. 
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2.3 APPLICATIONS AND TECHNIQUES 


Under this section we Include references dealing with correction 
procedures for removing variations induced by bidirectional reflectance 
effects, principally scan angle and sun angle, and papers which examine 
possible applications of the BRHF' differences in scene elements. 

In reviewing the literature for correction techniques related to 
BRDF effects, it is apparent that the most commonly employed method 
is to avoid the problem. That is, most analyses of multlspectral 
aircraft data usually include only restricted flight times, near solar 
noon, and restricted scan angles. The Environmental Research Institute 
of Michigan, which has had considerable experience in the acquisition 
and analysis of aircraft MSS data, is a good source for correction 
procedures. The report by Nalepka and Erickson (1974) presents a summary 
of a five-year research program dealing with the application of MSS 
systems to earth resource surveys, Egbert (1977) presents a novel 
approach to correct bidirectional reflectance values. The analysis 

of BRDF effects on satellite imagery, principally Landsat, is given by 
Ranson, (1978), Lambeck (1977), Holben and Justice (1979), 

and Struve, et al. (1977), Horn and Bachman (1978) applied surface 
response models to Landsat imagery in order to develop registration 
techniques. 

Indirect BRDF effects are manifested in satellite data through 
multitemporal analyses, Kauth and Thomas (1976) present a unique summary 
of this problem by employed a "tasselled cap" transformation. 

The influence of the BRDF surface effects on atmospheric corrections 
is summarized by Coulson and Jacobowitz (1972) and Koepke and Kriebel 
(1978), 
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In sununary, correction of aircraft multispectral bidirectional 
reflectance effects is confounded by atmospheric effects as well as 
the surface anisotropy. Satellite bidirectional reflectance effects 
are confounded by the variability resulting from the large geographic 
extent imaged. 

The number of investigators who have studied the potential application 
of surface BRDF variations for information extraction is limited. The 
report by Malila, Hleber, and Sarno (1974) describes an aircraft experiment 
in which the multispectral scanner was flown over the same flight line 
twice; first at 0 degree look angle, and then tilted at a 45 degree look 
angle. The images were manually registered. Some improvement was noted; 
however, the results were confounded by possible atmospheric variability 
and registration problems. The paper by Smith and Oliver (1974) presents 
a theoretical investigation of the BRDP effects on feature selection. 
Improvement at some combinations of sun/sensor angles is predicted for 
biomass mapping. This result is also indicated in che work by Bunnik 
(1978) given in Section 2.1. Finally, the paper by Jackson, et al. (1979) 
discusses an analytical approach for using the canopy bidirectional 
reflectance distribution function to esflma'e crop structure parameters. 
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2.4 BIDIRECTIONAL REFLECTANCE: DEFINITIONS 


Even a casual review of the references given In the present bibliography 
demonstrates an almost overwhelming diversity of measurements approaches 
and interpretations for the "reflectance” of a scene. Three of the 
references included in this section highlight the reasons behind the apparent 
confusion in the literature. First Is the classic reference by Judd (1967) 
who, in fact, defines nine kinds of reflectance, six kinds of reflectance 
factors, and three kinds of radiance factors. In particular, Judd uses 
the terms hemispherical, conical, and directional to specify both angles 
of incidence for the irradlance and angles of collection for the exitance. 

'Judd does an excellent job of emphasizing the angular considerations 
and inter-relationships involved in reflectance nomenclature. However, 
the papers by Nicodemus (1970, 1965) present a summary of the important 
concept of the bidirectional reflectance distribution function, the BRDF. 
Nicodemus restricts the term reflectance to the dimensionless ratio of 
a reflected radiometric quantity, e.g. radiant power, to the corresponding 
incident radiometric quantity. This ratio is always less than or equal 
to one. The BRBF, a differential quantity, has units of sr The 
term reflectance factor is defined as the ratio of the radiant power, 
exitance, reflected by the scene to that which would be reflected by a 
perfect Lambertian surface. The incident and col]ection beam geometry 
are taken to be the same. The third fundamental reference, the Self-Studv 
Manual on. Optical R adiation (1978), edited by Nicodemus, is an excellent 
tutorial on radiance concepts and presents a measurement equation for 
radiometry. Finally, the paper by Kasten and Raschke (1974) is similar 
to the earlier papers by Nicodemus but is helpful as a reference for Krlebel's 
papers presentc>I warlier. 
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iiummary form only given as follows: The authors discuss several 
appr cations of Canopy Modeling to the central problem of understanding and 
correcting signature variations. Discussion emphasizes a monte carlo model 
that was originally developed to Investigate the bidirectional reflectance 
character of natural grasslands. 


2.30 





I 

I 

I 

I 

I 

I 

I 

I 

f 

I 

I 

I 

I 


I 

I 


I 




i 




r 

i 


r 


Boffi, V.C. and 6. Spiga. 1977. Integral Theory of Radiative Heat Transfer 
with Anisotrophic Scattering and General Boundary Conditions. J. Math . 
Phys . 18(12): 2448-2455. 


Using the Green's function nwthod the Boltzmann Integro-differentlal 
equation Is converted Into a pair of Integral equations. These can be formally 
solved by using a series expansion In legendre polynomials. Conditions for 
obtaining a usable solution are discussed. (13 Refs). 
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Til* cJirectional r»#m i spher i c* 1 anO bi Oi r«c t i ona 1 r*ft*ctanc* 
and tnansm^ ttanc* are prcsanted for a conservative anisotrooic 
scattarinj medium. Collimated incident radiation and linear 
anisotroD'C scattering arc considered so tnat tn* asimutnal 
deoendenc* must U* retained. The effects of optical 
thickness. anisotropic scattering, incident angle, polar 
angle, and aximutnal angle are presented in a closed-forin 
approximate solution. Comparisons Mith exact solutions are 
also presented. t2 r«fs. 
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iV., N.J.J. 1973. Tne Multisp^c tral Reflectance c 
R.adiaticn by Ajriculcural C:c?s in Selacion vi:h 
jical and Cpcical Prcperties. ’•'a sen in can. Medede 
landbou'..hoseschcol . !iederl5.nd 73-1. 17 5 p. 




The objectives of the investigation and the contents of this manuscript 
may be summarized as follows. 

1. To Investigate relations between crop variables and spectral 
reflectance of vegetative canopies by means of an appropriate mathematical 
model and experimental data. Variables of uniform canopies, like total 
leaf area index, leaf angle distribution, optical constants of the leaves 
and spectral reflectance of the bounding soil have been studied in 
relation with geometrical variables of incoming radiation and the 
direction of detection of reflected radiation. 

2. To determine spectral bands producing useful relations between reflec- 
tance data and canopy variables. Further, suitable combinations of 
reflectance data from different spectral bands have been studied which 
provide a simplified and better defined relationship with canopy structure, 
leaf colour or moisture content variations of the upper surface layer of 
the bounding soil. As a result of this study, a non-destructive method 
became available for monitoring crop growth, crop senescence, detection 

of changes probably related to stress or diseases and to produce data 
useful to crop yield estimation techniques. 

3. To determine the spectral bandwidth allowed of selected wavelength 
bands in relation with a minimized loss of senslvity of the mensuration 
of spectral reflectance variations due to variations in crop structure. 

4. To determine directions of incoming and reflected radiation producing 
a drastic simplification in the complicated relation between crop reflec- 
tance and crop variables. On account of the conditions found, monitoring 
of dynamic behaviour of crop properties could be carried out with 
Increased accuracy. 

5. To determine the position and a minimum number of spectral bands 
with a minimum loss of spectral information for between-crop type 
discrimination. 
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Chance J.E. and E.W. LeMasccr. 1977. Suits Reflectance Models for Wheat 
and Cotton: Theoretical and Experimental Tests. Appl. Optics 16(2) 

407. 


A ti|tht abftorptiiin iLAM) for v«|t»utivt plsnt canopies has been Jerived from the Soils reOeclance 
mtKiel. From ihe l.AM ihe ahwirption of li|(ht in the phutosynthciically active rsKion >il the spectrum 
( 4 IHI- 70 O nm» has been calcjiated (or a Penjanio wheat crop (or several siiuaiiuns indotltni 'ai the percent 
absorption o( the incident radiation by a canopy of LAI .(. i having a (our-laver structure. < bi the percent .ili- 
sorpinm ot liaht by the individual layers within a four-layer canopy and by the underiviny soil. *c> (he per- 
cent absorption oi lieht by each veyetative canopy layer for variable sun aiiyle. and id* the aimuiative solar 
energy absorbed bv the dfvelopiny wheat canopy as it progresses from a sinyle layer ihrouyh us yrowth 
staves to a ihree-lnver canopy. This calculation is also presented as a function of the leal area index and is 
shown to be in avreement with experimental data reptirted by Kanemasu un Plainsman V wheal. 


3hance J.E. and 
Model with 


E.W. LeMaster, 1978. 
Application to Wheat. 


Plant Canopy Light Absorption 
Appl. Optics 17 (16) ; 2629-2636. 


Plant canopy reflectance models developed bv Suits are tested for cotton and Pen^amu winter wheat. l‘rop- 
erties of the models are discussed, and the concept of model depth is developed. The models' prrdined ex- 
chanite svmmeiry for specular irradiance with respect to sun polar anyle and observer polar anyle acreed 
with field data for cotton and wheat Model calculations and experimental data for wheat reflectance vs sun 
angle disacreed. Specular reflectance from 0.50 am to 1.10 am shows fair agreement between the model and 
wheat measurements. An .Appendix includes the phvsical and optical parameters fur wheat necessary i<i 
■spply Suits' models. 


Chandrasekhar, S. 
Inc. 393 p. 


1960. Radiative Transfer. New York; Dover Publication, 
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Col dwell, J.E. 1974. Vegetation Canopy Reflectance. 
Environment 3:175-183. 


Remote Sensing of 


Poisibk C3UM-«fr«ci telationthipi in producint ''epcution canopy rcritctancc v* discut««d. Hemivphcncal 
t«fl«ciani-< and <vtn bidirtctiona) rcflectanct m«a>ur({rrnti arc shown lo be injdcquaic to predict or undrrsund 
vepetatiott canopy tcncciancc in nseny Miuationa. Amonp Jie ^ddirion^l tmportani p^rumcicrs r,eccs-.«rv Tor 
predinicn and undetttandinf of vc|eiiiion Ci;nop) reflectance ate leaf hemispherical trentmtttan. c. leaf area and 
crientaiicn, characirrisiict of ether cemper.cms of the veietaiion canopy isulks. Trunks, limbs), toil rcfleciancc, 
tolar zenith tnfic. look anple. and azimuth anpl*. The effects of these parameters on »esetation canopy 
bidirectional spectral reflectance are described. 


Th» rofloction function for on itotroo'colly ICtttering 
m«o‘i um has ootn *»D"*f80d in torm* of Chanern*#kn«r ' t X onO v 
funttiont' for a' finite mteium end in lorttti of CnanCraaoKtiar ' » 
M function for n s »«' - > nf i ni ta mootum. E*3rtssiona for tna 
di rect i on* l -nomi ayne ' ' ca t r#f i ectance . n#nii sonar i ca' -di rae 1 1 o- 
nal' raflectanca ana riant i sonar i ca 1 raflactanc# navo oaan 
orasanted m tarsis of tna x, V. and M functiona and tnair 
memonta. Also, as^nototic a«orassions nava oa#n oraaantao. 


Crosbie, A.L. 1973. Reflection Function for an Isotropically Scattering 
Finite Medium. AIAA J. 11 (10) : 1448-1450. 


Tha raflaction function for an isotrooioaily scattering 
meo'ium hss bean ano-ar sed in terms of Cnandrosahnar ' s X and V 
functions' for a' finite maaium and in terms Of ChandrascKnor ' s 
H function for a s m i - i nf i n i ta 'Ttadiufti. Exorassions for tr.e 
di rect ionsl-rtami spna-ical raflectanca. nami sonar i ca I -d' ract i o- 
nal' raflectanca ana nan i sonar i cal raflectanca navo oaan 
oresanted in tarns of tna X. y. and H functions and tnair 
moments. Also, as/uptotic axorasstons have bean orasanted. 



i •J'.i’jlN/iL f Atirj t 
Ot" Pi.h.iH Ol’A!,rn 
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Ountley, S.Q. 1969. Directional Reflectance of Atmospheric Paths of Sight. 
Report No. 69-11; US6RDR No. AD-688 265. La Jolla. Calif. 


The Contrast reducing properties of any path of sight Inclined downward 
through the atmosphere can be specified by a single dimensionless number 
analogous to a reflectance and called the directional reflectance of the 
path of sight by ratio of the directional path reflectance to the Inherent 
directional reflectance of the background. Previously published optical 
atmospheric data derived from In-flight measurements have been used to produce 
tables of R. For two clear-weather conditions. A simple nomograph and 
nianerlcal examples are Included. 


Egan. W. C., J. Grusauskaa, and H. B. Hallock. 1968. OPTICAL DEPOLARIZATION 
PROPERTIES OF SURFACES ILLUMINATED BY COHERENT LIGHT. Reprinted from 
Applied Optics, Vol. 7, page 1529. August 1968. 


An experimental investigation of the depolarization characteristics 
of complex surfaces illuminated by 6328-A laser radiation was made on a large 
scale polarimeter. Measurements were made on specimens such as basalt, 
limonite. volcanic ash. vet and dry sand, gravel, silt, and foliage in 
various states of freshness. (For powders and aggregates, depolarization 
appears more pronounced as the size of the individual particles decreases, 
and as the roughness and porosity of the surface features increases, whereas 
depolarization appears less pronounced as water is adsorbed or absorbed.) 

The depolarization signature of foliage served to characterize a particular 
species, and dryness of the specimens tended to increase the depolarization. 
As a practical outcome, it appears that additional surface characterizaticn 
or signature can be obtained through measurement of depolarization charac- 
teristics. 
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Fowitr, W. B., E.I. Reed, and J.E, Blamont. 1971. Bidirectional Reflectance 
of the Moonlit Earth. Appl. Opt. 10(12): 2657-2660. 


From 060-4 Airglow Photometer data and computed lunar spec ;ral Irradlances 
at the subsatelllte point. The highest radiance over clouds and lowest 
radiance over open ocean are examined near 3914A, 5577 A, 5893 A. 6225 A, 
and 6300 A In terms of bidirectional reflectance. The results are compared 
to and are consistent with mathematical irodels of the atmosphere developed 
by Plass and Kattawar 7a. And with daytime measurements from OGO-3 by Neel, 

Griffin, and Millard. 


Fraser, R.S. and W.H. Walker. 1968. Effect of Specular Reflection at the 
Ground on Light Scattered from a Rayleigh Atmosphere. J. Opt. Soc. Am . 
58(5):636-644. 


The method of ChandraMkhar ii ueed to compute the parai'.truni that characterize the Mattered lieht 
leaving the top of a Ratleigh atmot|ihere The aimoaphere of ihi* model lire almvc a *niooth «ur(ace, 
which reflccti lieht according to Fre»ner» law. The comtiined atmotphrre and water l» called the l>e»ncl 
model. The retulti for the Frefnel model are compared with correiponding retult* fur a second m.MicI, » nich 
it called the LamiMrt model, tince itt ground rrfivett lieht according to t. imK'rt'r law. The reflectance at 
the ground it ictt titan 0.1, if either the tolar zenith angle or the total optical thick nett e, >0.0 The 

relative dilTerence Itetuecn the outward flutea fiom the t opt of the atmntphcrrt of the t wo mo<Irlt it lett than 
0 07 if The dilTerence between the radiancet of the nadiri at the lopt of the t«o motlc't it ’c*« than 

n.l if T|>0.S, liut the difference becomet targe at tmall *i. The maximum ilegree of polariration and the 
neutral-|ioini |HM>tien« at the io|« of the atmrttphere of the 1‘retnel m<i<)fl are i;utie diflvrent from \hote of 
iheLamIpcrt model, when the total 0 )>tical Ihliknett it lett than 0 5 The neutral polntt fur the rri»*icl mmici 
appear onttide of the vertical plane through the tun for rrairictcd ranget of lioih the total ncrrnal optical 
thicknett and the tolar zenith angle. 
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Goudriaan, J. 1977. Crop Micrometeorology: A Simulation Study . 

Wageningen, the Netherlands: Centre for Agricultural Publishing and 
Documentation. 249 p. 


Hering, R.G. and T.F. Smith. 1970. 
Energy Interchange. ASME Pap. 


Surface Roughness Effects on Radiant 
70-HT/SpT-2. 9 p. 


HsOiant* inter-change cet.*een ocague interacting surfaces is 
fortiulstea for unequil tefrperature adjoint plates w>tn « one- 
aiffihrsionsl surfacj roughness profile. Rough surface 
Di d’l rect i sna 1 reflectance ana oirectional emittanc-? deper.a on 
material 'emittanca, rougnness element slope, anfl rougnness 
• lenent soecularity. ABsoroticr. factor results sho*K a strong 
oenerdenca on surface roughness and indicate that roughness 
effects are more important in tne evaluation of radiant 
intercnange than radiant heat loss. Aosorotion factor values 
differing By a factor of two to four are commonly ooserved for 
Identical emittance materials as a result of rougnness. 12 
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Horn, B.K.P. Understanding Image Intensity. Artif. Intel!. 8 (April 1977), 
201-231. 


Traditionally, image intensities have been processed to segment on image 
into regions or to find olge-fragements. Image insensities carry a great deal 
more information about three-dimensional shape, however. To exploit this 
information, it is necessary to understand how images are formed and what 
determines the observed intensity in the image. The gradient space, p jlarized 
by Huffman and Mackworth in a slight different context, is a helpful too in 
the development of new methods. 


Idso, S.B. and C.T. deWit. 1970. Light Relations in Plant Canopies. 
Appl. Optics 9(1) : 177-184. 


A theory of light relations in plant canopies is presented which has potential 
applications in remote sensing and photosynthetic modeling of plant canopies. 
Predictions of the model are compared with filed measurement of light reflection 
and transmission in a corn crop. Both reflection at the top if the canopy 
and transmission at the bottom are predicted within 1 percent of the measured 
values. Profiles connecting these upper and lower limits are equally well 
approximated. Varitions in the predictions with altitude angle of the sun are 
confirmed by the observation of several investigators. 
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Ishimaru, A. 1977. Theory and Application of Wave Propagation and 
Scattering In Random Media. Proc. of the IEEE 65(7) :1030« 1061. 


Abstract — This paper presents a review of basic theories and recent 
advances in the studies of wave propagation and scattering In random media. 
Examples of the random media Include the atmosphere, the ocean, and biological 
media whose characteristics are randomly varying In time and space. The study 
of electromagnetic, optical, and acoustic waves In such media has become 
Increasingly Important in recent years primarily In the areas of communication, 
detection, and remote sensing. Topics covered In this paper are divided Into 
"waves in randomly distributed scatters," "waves In random continua," and 
"remote-sensing of random media." Transport theory with various approximate 
solutions and multiple scattering theories are discussed and their relationship 
are clarified. Included In the analyses are propagation characteristics of 
Intensities, wave fluctuations, pulse propagation and scattering, coherence 
bandwidth, and coherence time of communication channels through random media. 
Remote-sensing techniques Include recent advances in the use of inversion to 
deal with ill-posed problems. 
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^ A thernal canopy signature model (TCSM) was developed to approximate the 

thermal behavior of a vegetation canopy by a mathematical abstraction of 

three horizontal layers of vegetation. Canopy geometry within each layer is 

quantitatively described by the foliage and branch orientation distributions. 
?0. Cnncpy j^oometry, solar irradi '.ncc , air tcmpcr.ituro , hori/.ontnl wind 


velocity, relative humidity, . :.J ground temperature are used to calculate the 
energy budgets of average leaves within each layer. The resulting syatem of 
cor. servat ion equations is solved for the average l..yer ter.pui ;ture. This 
information, together with the angular distributions of radia.ting elcmmits , is 
t:;en used to calculate t'ae thermal cxitence as a fui’.cticn of vievv angle above 
th.e canopy. Cpcical d if f r.-.c t ion tcch.n’ques were dc-vnlrped an.d ■ ".ployed to 
measure canopy geometry. Solar radiation ab-jorpticn with the vegotaticn 
terrain, elem.ents is calculated using a modification of a Monte Carlo model 
(Sa'.C) developed tor tne reflective energy regim.e. 

The models were applied to a lodgepcle pine ( ? i n u s cento re a ) canopy and 
the results for a diurnal cycle are validated with radiometric measurements. 
Simulated versus m.easured radiom:etric average te;- peratures of Layer 2 correspon 
approximately within two degrees centigrade. Simulated results suggest tliat 
canopy gccm,etry can significantly influence the effective radiant temuoerature 


recorded oy a sensor above the canopy as a function of 'vic. 
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Kriebel, K.T., H. Quenzel and W. Scholze. 1976. On the Determination of 
the Atmospheric Air Light as a Normally Underestimated Perturbation 
Si gnal . Atmospheric Environment 10 : 645-653 . 


Abstract -- A simple method to compute the air light, based on single 
scattering only, is compared with an exact iterative method including multiple 
scattering and is found to give reasonable values of the air light expressed 
as a percentage of the reflected radiance. Besides some general dependencies 
of the air light for four different geometrical situations the air light is 
shown as a percentage of the total radiation received by snesor at arbitrary 
heights as a function of the atmospheric turbidity. 


Leader, J.D. 1971. Bidirectional Scattering of Electromagnetic Waves from 
Rough Surfaces. J. Appl . Phvs . 22(12): 4808. 


A general bidirectional expression is derived from the Station-Chu-Silver 
integral for the scattering of electromagnetic waves from rough surfaces. 

This expression is then exapanded in a power series of surface slope terms for 
the special case of scattering in the plane of incidence. The results of 
this expansion are then compared with other models and closed-form solutions 
are obtained for comparison with experiment. 
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This supplement presents in detail a series of simulated scanner system data 
values generated in support of LACIE (Large Area Crop inventory ^x^eriment) research 
and development efforts. Synthetic inband (Landsat) wheat radiances and radiance com 
ponents were computed and are presented for various wheat canopy and atmospheric con- 
ditions and scanner view geometries. Values include: 

(1) inband (Landsat) bidirectional reflectances for seven stages of 
wheat crop growth, 

(2) inband (Landsat) atmospheric features, and 

(3) inband (Landsat) radiances corresponding to the various combinations 
of wheat canopy and atmospheric conditions. 

Analyses of these data 'Jalues are presented in the main report. 



I 

I 


Aostraci: vo^Lime I of tnis reooft pnoviucs Saliigtic 

p^sea^c^ L30J''atcr ’ “S j cli^CLiSSicn of tre a Igor < uoon 

1 CM iMr Oi rj . roct i onj ' r :? < ■ fC 1 3nce mooel is m 

oar t ' p.j ! O'" t“ie I'on- t • «u'. volune riria>jl .vtiich «a3 
corstruc Id unae'* tMis Contract. TMe "cport pcov-ocs c 
va 1 ! 1 1 or. of ;h? ir/.aol ..itn re«oec.i to f^e material*: s-ortiied 

Oy 0^L. It a listing of onoroor i .-it e mooel carrreie.'S 

z tiesc’" :pi ion of nov< to use tn» -rcsei. ana a iijimg of 
tne coi'oute'' oroyrjfr *,itn its subroutines. Tne ticCe! raxes it 
posside to calculate oiOi rect iona i reflectance Oata from a 
very era 1 1 aroun: of measureU data. Accuracy fl9rTnst*'atrd 

indicatas mat tne model is very effective. altnough 

1 T.oro vcr.en t can still Do ootaine.1 at l.irga «'«ceiver zeni tn 
angles. { Autnor ) 
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Maxwell, J.R. and S. Weiner. 1974. Polarized Radiance. Volume III: 

Wavelength Dependence of Polarized Bidirectional Reflectional 
Reflectance. Final Report. ERIM-19500-1-T(3) , Contract DAAD05-72-C-0246. 
Ann Arbor, Mich. 


Abstract: Volume III of this report provides the Ballistic Research 
Laboratories with a method for extracting Information from a limited set of 
directional and bidirectional reflectance measurements so as to provide a 
wavelength-corrected input to the volume component of the bidirectional 
reflectance model described in Volume I. It is shown that the surface 
component of the bidirectional reflectance has little wavelength dependence 
for the materials studies from 0.63 micrometers, and 3.39 micrometers and 10.6 
micrometers under this contract are included and are used for the model vali- 
dation which is also described. (Author). 


Norman, J.M., S.6. Perry, A.B. Fraser and W. Mach. 1979. Remote Sensing 
of Canopy Structure. Fourteenth Conf. on Agriculture & Forest 
Meteorology and Fourth Conf. on Biometeoroloqy 184-185. 
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Oliver, R.E. and J.A. Smith. 1973. Vegetation Canopy Reflectance Models. 
Final Report, Contract No. DA-ARO-D-31-124-71-6165. 91 p. 


[ Stochastic and deterniinistic approaches to simulating the spectroreflectance 
of shortgrass prairie vegetation have been investigated. The stochastic approach 
utilizes randomly selected variates for incoming light flux, plant geometry, and 
intrinsic optical properties whereas the deterministic model is patterned after 
the familiar Kubelka-Munk theory for diffuse reflectance. 

1 

The stochastic model was deemed more desirable because of its flexibility and 
inherent capability of providing the multivariate covariances. This model determines 
the apparent directional reflectance which is dependent upon both sun and view angles 
as well as canopy geometric and optical properties and soil background. The 
model results are compared with field and laboratory measurements of Blue grama 
( Bouteloua gracilis) and successfully predicts the non- Lambertian character of the 
canopy. 


The site of the field measurements was the Pawnee National Grasslands, the 


intensive study site of the International Biological Program. Direct solar and 
tiiffuse sky irradiance and the optical properties of Blue grama were measured in 


the 0.4 micrometer to l.OS micrometers region of the spectrum using a field 
adapted EG§G spectroradiometer with a computer based digital acquisition system, 
tanopy geometry was measured with a laboratory photographic technique with 
subsequent digitization of the profile images. 
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Oliver, R.E. and J.A. Smith. 1974. A Stochastic Canopy Model of Diurnal 
Reflectance. Final Report. U.S. Army Research Office Durham. 

DAHC04 74 GOOOl. 82 p. 


The spectral signature of most vegetation varies with both direction of 
view and time of day. This variation is spectrally dependent and is due 
primarily to differences in canopy geometry. As a means of investigating 
the interaction of shortwave radiation with vegetation a stochastic 
canopy model was developed. The model utilizes random variables based 
on measured distributions for incoming radiation flux, intrinsic optical 
properties, and canopy geometry. Two methods were used for determining 

canopy geometry. The first method is to orthogo- 
nally project and photograph individual plants and to directly 
measure the leaf angles from the photographs. The second method la a 
rapid in situ technique Involving the solution of a Fredholm Integral 
equation based on data from ground level photography. A portable 
battery powered spectrometer system was constructed for the measure- 
ment of vegetation apparent directional reflectance. This instrument 
provides data for model validation and horizontal surface irradiance 
measures required as model input. A direct application of the model 
is to simulate statistical spectral signatures for use with remote 
sensing pattern recognition algorithms. A qualitative study was made 
to investigate the effects of changing canopy directional reflectance 
on feature selection. The resuilts show that different combinations of 
wavelength channels are appropriate for various sensor look angles, 
that target signatures have greater statistical separation for some 
scan angles chan others, and that these effects are time varying. 
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Prelsendorfer, R. W. 
Pergamon Press. 


1965. Radiative Transfer on Discrete Spaces . 
462 p. 


Relchman, J. 1973. Determination 
for Nonhomogeneous Media. I. 


of Absorption and Scattering Coefficients 
Theory. Appl. Opt. 12(8) :1311-1315. 


Equations vi<^e derived to determine the diffuse reflectance and 
transmittance of inhomogeneous materials. The equations are valid for 
collimated Incident radiation for any angle of Incidence. The effects of 
Boundary reflectance and anisoptrophic scattering are Included. The equations 
are derived from the equation of radiative transport. Using the Schuster- 
Schwartzchlle approximation. They are sufflcleetly simple to be used for 
spectroscopic determination of the absorption and scattering coefficients. 
Numeral comparison with more exact solutions of the equation of radiative 
transfer show very good agreement for all cases except for reflectance In 
the highly anisotrophic case, where agreement Is only fair . (11 refs) 
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Ross, 0. 1976. Radiative Transfer In Plant Cormiunltles. 
and the Atmosphere. Vol. I. Principles. (Ed: J.L. 

Press. London, pp. 13-55. 


In: Veqetfl.t1oji 
Montelth), Academic 


Smith, O.A. and R.E. Oliver. 1972. Plant Canopy Models for Simulating 
Composite Scene Spectroadiance in the 0.4 to 1.05 Micrometer Region. 
Eight SymposiLBii on Remote Sensing of the Environment, University of 
Michigan, Ann Arbor, 2:1333-1353. 


A rontc Carlo Model hat ^acn developed for tinulating the interactior cf direct 
ar.d diffute thertwive radietlcr. with the car.opy of thortjratt prairie vegetation 
( Hsuteloca eracilii ) . The r.odal treatt the car.opy at ccniisting of layered starit- 
tTcal' enter, tie*' of’" foliage elerenti againtt a soil background. The it.cdel allcwe 
for ruiticcff.poner.t mixture! possetsi.tg different spectral and foliar display char- 
acteristics. Light flux, whose variables include ..avelength and diffuse and direct 
ecmper.er.tt, is traced through nc.-.anifcrm layers using stcchastic canepy structure 
and interaction probafcilitias that vary vit.-. illumination angle, foliage angle dis- 
tribution, -and leaf-area index. Initielly, a Lambertian spatial response cf the re- 
f lecting/tra.-.smitting elements has been assu.red. 

A two-layer canopy containing only one constituent and a soil bacVgrcur.d is 
si.t.ulated. Saometric charactar isrics of the foliage, optical properties cf the 
leaves end soil, and spactroradianca dcter.t.inaticns were obtained by the authors 
during the 1977 summer field season. The model correctly accounted for the apparent 
directional reflectance of the canopy as seen by a vertical view sensor for all wave- 
lengths between 0.4 and l.OS .r.icrc.tieters except at the chlorcphyll absorpticr. regicn 
between C.65 and 0.70 micro-meters. The single constituent model was not able to 
account for the apparent directional reflectance for the canopy for a tenser in- 
clined at 4fi degrees frem the tenith. It is hypothesised that the medal would need 
to be run ^uith a seco.-.d constituent, also present in the canopy, to account fer this 
disegreetejut. ■ 

The non-La.mbertian character of the apparent directional reflectance cf the 
ca.nepy is demonstrated and an increased spectral return for the sensor view angle 
containing the solar disk are predicted. A ccn.parisc.n of the twe-parameter hutelha- 
Kunk Mcdfil with maasured field data is else givan. 
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Smith, T.F. and R.G. Haring. 1972. Bidirectional reflectance of a 
Randomly Rough Surface. Prog. Astronaut. Aeronaut., Fundam. of 
Spacecr. Therm. Das. 29:69-85. 


A tjirtC'ttc: lO'iii leccanc# wooei 'S a«v*iooad ^or a 

oni*-uim#n»ier»al::y '■51.13'^ su<*#,-!C« consisting 9# V-snostd 

roupnni»<iS' #'«n»"nts with randomly dlStriOJttd llOD#S. Moltiot* 
raflactiO’S within and Shadowing uv adjacant rou. 3 "''‘'«ss 

at«ir.ants ' ar# nccountad ^or in tn# moo#'. A distriouiton 
function in lar, la of r.ns slope is utilized to soasify tie 
procabi 1 i ty f'Bt a 'macroscopic surface reflects specularly, 
and energy experiencing multiple reflections is uhimoortent. 
Muiliole ' reflections Become increasingly significant tor 
larjer rtrs Slones. This importance, however, cimihishta as 
the airection of incident energy aooronches grazing incidence. 
The* mcoei exhiDits character i st i cs similar to thosa ooservao 
In decant Bidirectional reflectance data. 11 refs. 


Smith, T.F. and R.G. Herlng. 1973. Comparison of the Beckman Model 
with Bidirectional Reflectance Measurements. ASME paper no. 
73-HT-ll. 13 p. 


Cbmparisons repealed tnat monoenromat ic specular and 
Bl d'l r ?ct i ant I r*fiecTnnce measurements are not aoecuate'y 
oestriped' By corre jicnding results evaluated from tne ▼odel 
using tree nan <: ca I I y acquired surface roughness parameters rirt 
heignt ono rins s*coe. Significant i Tprove nent set veen 
meaburerents ana predictions of tne model is cSierved 
cpt'icaliy acquired surface <-ougnness parameters ar* usee. 
Soecular -efiectance '"epsurements for norma! to intermaoiate 
po'er angles of in;i pence are aaeauately represented Oy tne 
fflodb I provided values of ootical roughness multiplied By 
cos'ine of polar angle of incideiica are lass than 27 times 
average ooticai rms slope. Cotical rougnness is tn# ratio of 
ootical ' rms height to wavelength- of incident energy. 
Bid'i rect i anal '*eflectance maasuramanta are aoeauateiy 
predicted By tne maoei wnen vaiues of optical rougnnass ano 
optical rns slope are less than g. OS and 0. 02. “aspect t ve I y . 
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G.H. Suits (1972a), The Calculation of the Directional Reflectance of a 
Vegative Canopy. Renwte Sensing Environ . 2. 117-125. 


Gwynn H. Suits (1972b), The cause of Azimuthal Variations In Directional 

Reflectance of Vegetative Canopies. Remote Sensing Environ . 22, 175-182. 


The variation of the directional reflectance of a vegetative canopy with 
azimuthal view angle becomes prominent when the canopy Is Illuminated by the 
sun at large angles from zenith. An extension of a previous directional 
reflectance model of vegetative canopies Is presented to quantify this effect. 
The results Indicate that the cause of the azimuthal variation can be traced 
to solar flux Illumination of the vertically oriented canopy components and 
that the extreme variations of reflectance with aximuth of view are moderated 
by the azimuthally Isotrophic sources of flux from skylight and canopy. 
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Suits, G.H. and G. Safir. 1972. Prediction of Directional Reflectance of a Corn 
Field Under Stress. Fourth Ann. Earth Resources Program Review, V. 2, 

11 p. 


The remote sensing of sympto,s of pathological conditions In vegetative 
canopies such as Southern Corn Leaf Blight depends upon a consistent 
relationship between the pathological systems and the remotely sensed effects. 
The use of training sets show only that In particular cases, and at a 
particular time, a certain pathological condition occurs concurrently with 
some remotely sensed effect. There may be no necessary connection between 
them. The use of a mathematical model to predict the remotely sensed effect 
from the fundamental biological causes allows one to establish the expected 
consistency between the conditions and the sensed effects as well as to 
provide Insight leading to the "best remote sensing techniques to use for a 
particular application. 

A new method of calculating the directional reflectance of a vegetative 
canopy (1) has been used to calculate the directional spectral reflectance 
of a corn canopy under stress. The comparison of predicted reflectance with 
field measurements Indicate that the model Is sufficiently accurate when applied 
to corn fields to warrant the use of the model for application to other 
conditions. The prediction of the expected reflectance differences between 
a healthy and a blllghted one-month old corn field Illustrates the application 
to other conditions. 


Suits, G.H., and Safir, G.R, (1972). Verification of a Reflectance Model for 
mature Corn with Applications to Corn Blight Detection, Remote Sens. 
Environ. 2, 183. 


A new model for calcuUnni the directional ipectral reilectancc of vegetative canopies was vei ihed for the 
( 2 ^ of mature com by held reflectance measuremenis on two different mature com fields at each of two 
viewing angles and over the visible and near infrared spectral bands. The application of the model to 
hvr>oiheitcal conditions indicates that moderately severe Southern Corn Leaf Blight should be marginally 
jc'cctable by aerial photography under certain special circumstances and that for more severe blight, the 
blight condition should be dtsiinguishable from moisture stress. The application of the model to hypothciical 
heUs of .voung corn indicates that the blight condition should be easily detected under a wide range of 
eir.umsiances. 
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Suits, G.H., R.K. Vincent, H.M. Horwitz, and J.D. Erickson. 1973. Optical 
Modeling of Agricultural Fields and Rough-textured Rock and Mineral 
Surfaces. Informal Technical Report, ERIM 31650-78-T Environmental 
Research Institute of Michigan, The University of Michigan. 37 p. 


To ir^prove t!ie ability to utilize laboratory spectra for predicting 
or interpreting airborne ‘'canner data, a search v;as r.adc for Lvo theore- 
tical r.odels, one to calculate the reflectance of plant canopies and tb.e 
other to assess the effect of textural variations on the spectral emittar.ee 
or reflectance of natural rock surfaces. Several models were reviewed, from 
which it was possible to select the types of models best suited for these 
applications. The selected plant canopy model, an e.xtension of the .\llen-Gayle- 
Richordsen model, can be used to predict the bidirecticnal reflectance of a riead 
crop from known laboratory spectra of crop ccm.ponents and apprcxlm.ate plant 
geometry (planting density and average horizontal and vertical com.ponent cross- 
sections). It is applicable even to vegetative targets composed of multiple 
canopy layers. Bidirectional reflectances of two corn fields calculated from 

the canopy model were found to agree with laboratory data within an extrem.-un 

Ao n 

error of 15X in ~ . The selected geological model which is to be developed 

later will permit calculation of spectral emittance spectra for different 


textured rock surfaces, even though the rock may contain randomly oriented 
birefringent crystals and may consist of several different m.inerals. The 
resulting emittance spectra for various particle diameters will be used to 
predict the effect of te.xtu j.1 variations on an infrared ratio method used previc 
to image large compositional variations in silicate rocks with airborne or space- 
borne multispectral scanner data. An. adequate atmospheric radiative transfer 
model exists to calculate the atmospheric effects between such targets and 
remote spectral sensors. 
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Verhoef, W. and N.J.O. Bunnik. 1975. A Model Study on the Relationships 
Between Crop Characteristics and Canopy Spectral Reflectance. NIWARS, 
Delft, publ. No. 33. 


Verhoef, W. and N.J.J. Bunnik, 1976. The Spectral Directional Reflectance 
of Row Crops. Part 1: Consequences of Non-Lambert ian Behaviour for 

.Automatic Classification. Part 2: Measurements on Wheat and Simulations 

by Means of a Reflectance Model for Row Crops. Report No. NIWARS- 
PUBL-35. Netherlands Interdepartmental Working Group on the 
Application of Remote Sensing, Delft. 144 p. 


Aastract:' The one-ia/er Suits mooel for canopy rsftectarce was 
applied ta simulate i mu 1 1 i spec tru 1 scanning flight ove- an 
agricultural ares. Non-Lamoer t i an Cenavior and 
mi sc 1 assi f i cat i on mere studied on the oasis of unprocessed and 

preprocessed data from the reflectance simulations, A new 
experimental model for tne. calculation of tne directional 
reflectance of row creos, Oased on the ono-layer Suits model, 
is presented. This model was apDl'ed to simulate measurements 
of the soectrai directional reflectance on mechanically sowed 
*neat at several grow»th stages in the summer of 1974. In 
general, inout and output data of Doth model and field data 
agree well. Specular reflection at leaves, not incoroorated in 
the present model, appears to oe a significant factor for crop 
ref 1 ectance. 
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Weinman, J.A. and P,J. Guetter. 1972. Penetration of Solar Irradlances 

Through the Atmosphere and Plant Canopies. J. AppI. Meteorology 11:136-140. 


The equation of radiative transfer is applied to the analysis of solar 
Irradlances penetrating Into a plants canopy covered by a turbid atmosphere. 

The method of discrete coordinates Is applied to vertically Inhomogeneous 
atmospheres and plant canopies. It is shown that four-point quadrature yields 
results with an accuracy which is consistent with irradiance measurements. 


Welles, J. M. and J. M. Norman. 1979. General Radiative Transfer Model 
for Random and Non-random Canopies. Fourteenth Conf.- on Agriculture 
& Forest Meteorology and Fourth Conf. on Biometerorology. 205-206. 


The most sophisticated radiative transfer models apply to canopies of a 
large horizontal extent and are thus more or less one dimensional. Some 
efforts have coiisidered the non-random distribution of foliage over the 
vertical and horizontal with formulations that remain fundamentally 
one dimensional. For dense canopies of leaves of nonoverlapping crowns, 
it has been customary to use projections of various opaque shapes such as 
cones, trapezoids, cylinders, rectangles, etc. 

The model used here is very general including multiple scattering for near- 
infrared and solar wavelengths and emission for thermal wavelengths. It is 
applied to an array of individual canopies which may or may not be overlapping. 
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1 1 . MEASUREMENTS 


A. laboratory 

B. FIELD 

C. PLATFORM (AIRCRAFT AND SATELLITE) 
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II. measurements 

A. LABORATORY 
17 references 
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Blanchard, M. B., R. Greeley, and R. Goettelman. 1974. Use of Visible, 
Near- Infra red, and Thermal Infrared Remote Sensing to Study Soil 
Moisture. Proc. of the 9th Int. Symp. on Remote Sensing of Environ. 

V. l:693-70?r: 

TUo menods ar« usca to #sti<T'*t» soil moistu.-* re!tio:*:y 
usi*^C th« 0. 4- to 14. 3-mi-i'on i engtn region: iteusurement 

of soectr**! r»f lecta'it*. •'■'d (reasuremen t of soil temperature. 

Tho ref I eotance' meth 3d is Oar-ed cn cOservations «hicrt she* 
that cii'cctional 'oflectance decreases as soil moistu-e 
incretses for a givci "ist’riai. the soil terperaturo m-^tnoa 
is ' oasod' on casorvit -.ons «nicn sno«* that differences betivecn 
daytime aid nionttime soil temperatures decrease as moisture 
con‘*ent ' incrooses for a given material. In £oire 

c i rcumstaMces , separate reflectance or temperature 
measureme'its yield empiguous data, in wrrich case these t^o 
methods may be combined to obtain a valid soil moisture 
determination. Refs.' 


Greece, H. T. (Ill) and R. A. Holmes. 1971. Bidirectional Scattering 
Characteristics of Healthy Green Soybean and Corn Leaves In Vivo. 
Appl. Opt. 10 (1): 119-127. 


Bidlrection.i) refiectinn and traossiission distribution functions are measured for healthy green soybean 
and com leaves »'n viro, for oiueteeo narrow wavelength bands from 375 nm to 1000 um. Off-normal 
incidence reflection distribution functions show considerable specular contributions at wavelengths of 
strong absorption, while transmission distribution functions show a iicar-Iambertian shape for all wave- 
lengths employed, .^n empirical m-Iayer leaf model affords a reasonable qualitative understanding of 
tliese scattering dL<tributiotia. 


Christie, F.A. and A. B. DeVrIendt, 1972. Bidirectional Reflectance from 
Surfaces Formed by the Ruling of Orthogonal Parallel V-Grooves. Report 
on Thermal Control and Radiation. Presented at the ALAA Aerospace 
Sciences Meeting (10th). Paper No. 72-55. 


Abstract: E*per imental ly ana pnotograph i ca i I y determined 

b«d>rect ional reflectance Cato ore presented for a set of 
sixteen repula'- 1 y‘ rough surfaces corcoseci of square p.-i-Mcts, 
\»,iich were illuminated by a lasvr beam ’i0.C3i’-l 

nil crumoie'' j . The included angles of the -uied v-groovcs were 
SO, 90, *20 ana iSO degrees write the p-mk- to-va i ■ oeptrs 

were 2 S. 5, 10, ana 20 m i crometers. Aorenr'ent cet.%-er tre 

thooretical and exper iniyi-.ta I rtota was sat 'sfacto-y and 
improved as tn* included angle increased. Fo.- riost angle? of 
incidence. three-dimensional tneory was required to predict 
the b ioi rect iona t reflectance because of the effects of 
Shadowing, masking, and i nterr<j cc 1 1 on . (Author) 
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Christie. F.A. and A.B. OeVriendt. 1973. Diffraction Effects Encountered 
In the Measurement of Bidirectional Reflectance from Square Pyramid. 

Proc. of the ALAA Aerospace Sciences Meeting (11th). Paper No. 73-150 

Aestrnct: Tneor»t icnl i y and pnotcgrashicali y de t » n.n t n*d 

bidii'act ionai rofiectnnca data are eretcnted for a act of 
v:<*.?en rrgulorly rriugn aurfa~cs compasod of SQ-ar« pyromias 
wnicn ..ere i ! i natoo Sy a H?-Ne laser oeam. Tne ir>iiud«3 
'.'f ruicci V“.";noov-:s ■■•.ere «"iO. SO, 1 20 and ISO 

. v;nile tn* p.'Ri- -tp-'.-a ’ ‘ ey dcptni; i-.crp 2.S, 5, 10 ?.nd 

20 Tne pnoloanapn-s prapicaMy >ltu-,'t“ate a Sircoin 

transit ici' from reflectance patterns predicted Dy diffraction 
tn«cry to ofers described bv conventional bidirectional 
ref I re tance tnoory. Although prtcis* rr.easurc.nent is diff cult 
in sor.ie diffuse patterns, agreement Dctweon the thoorttical 
and photographic dnta was generally one degree or less. 

Coulson, K. L. 1966. Effects of Reflection Properties, of Natural Surfaces 
In Aerial Reconnaissance. Appl. Opt. 5(6):905-917. 

Mca«tifcmcii($ of the renctliin; nnd jxihirizing |>rd|>cniej of vnrioiis JoiU, sand*, airj vegetation in tlie 
visible- .nnd ncar-ir spectral regions that dark surfaces pol.ariite the rcfleeied radiation strongly 
while highly reflecting surfaces h.ivc relatively weak polarising properties. In generai, the reflcriance of 
mineral surfaces increases, and the degree of polari/.ation of the reflected radiation dccrca.<es, with increas- 
ing wavelength and iiicreasiing angle of incidence. There is little or no indication of spocnlar reflection 
from the surfaces for which measurements were made. Introduction of the reflection data into the equa- 
tion of radiative transfer for clear and slightly turbid models of the earth's atmo«pliere shows that the 
upward radiation that would be incident on a high-aliiiude aircraft or satellite would lie dominnied by 
surface-reflected radiation for the red and ncar-ir regions over highly reflecting surfaces sucii a. dc*scrts, 
whereas atmo.spheric scattering is most important for short w.aveiengfhs and dark surfaces. Because of 
polarization cflcets, aimo-phcric ininsmUsion of optical contrasts is better in one orthogonal intensity 
cotnponent than the other, the difTercnce being sufficient to merit {wlarizing optics in rccomiai<>ance 
instrumentation under cert.ain conditions. 

Coulson, K. L., G. M. Bocuriclus, and E. L. Gray. 1965. Optical Reflection 
Properties of Natural Surfaces. J. Geophysical Res. 70(18) :4601-4611. 

Measurements of the optical reflection characteristics of various natural sands 
and soils at wavelengths of 4920 A, 6430 A, and 7960 A are presented. It 
Is shown that there Is a strong dependence of the intensity and degree of 
polarization of the reflected radiation on angle of Incidence of the radiation 
azimuth and elevation angles at which the surface is viewed, wavelength of 
the radiation and physical state of the surface itself. A comparison of 
these measurements with those of other authors shows that the reflectance 
values obtained here are generally similar to those obtained by Krinov under 
similar conditions, but the degree of polarization of radiation reflected from 
the various sands is considerably less than the polarization values observed 
by Dollfus for sand. 
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Egan, W.6. 1970. Optical Strokes Parameters for Farm Crop Identification. 
Remote Sensing of Environ. 1:165-180. 

TIk use or bidirectional polari 7 ;ition and phoiomcir)' implies the 
cniciitti use of all the optical information avaii.i'’Ie in the >eaiiercd 
radiation. Tliis information is repre'cmcJ as Sii'kcs parameters, ' 
which include wasclenjih. jjcomctry. and biJiicetionat photometric 
and pi'lart/ation factors. The Stol.es parameters were deiertnincd in 
the labi'iatory on HeM crop samples of fulls «les'elo|vd aif.ilfa, Long 
Island iviatocs. sweet corn. r>e, and wheat, at \sasclen"tlis of 0..'50, 

0.4.t.L0.3?.’t. 0.566, 0.6!17.0.8, and 1.0 m. T’oc lesiilts indicate that the 
information available from the Stoke, parameters aids in the chaiac- 
icri/aiion of agricultural crops. 

Egan, W.G., J. Grusauskas, and H. B. Hallock. 1968. Optical Depolariza- 
tion Properties of Surfaces Illuminated by Coherent Light. Appl . 
Optics 7(8): 1529-1534. 

An e-snetimental investigation of the depoiarization cliaraeleristics of romplex surfai^ illuminated by 
632S-A laser mdiaiion waa made on a large scale polarimeter. Measurements were made oti specimens 
such as baealt, limonit«, volcanic ash, wet and dry sand, gravd, silt, and foliage in various slates of 
freshness. (For powders and aggregates, depolarization appears more pronounced as the size of the 
individual particles decreases, and as the roughness and porosity of the surface features increases, whereas 
depolarization appears less pronounced as water is sdsorbed or absorbed.) Tlie depolarii.ation signa- 
ture of foliage served to characterize a particitlar species, and dryness of the specimens tended to in- 
crease the depolarization. As a practical outcome, it appears that .additional surface characterization 
or signature can be obtained through measurement of depolarization characteristics. 


Gates, David M. , Harry J. Keegan, John C. Schleter, and Victor R. Weidner. 
"Spectral Properties of Plants." (Applied Optics, January, 1965, 

Vol. 4, No. 1.) 


ABSTRACT: 

The spectral properties of plant leaves and stems have been obtained 
for ultraviolet, visible, and infrared frequencies. The spectral reflec- 
tance, transmittance, and absorptance for certain plants is given. The 
mechanism by which radiant energy interacts with a leaf is discussed, in- 
cluding the presence of plant pigments. Examples are given concerning 
the amount of absorbed solar radiation zor clear sky and overcast conditions. 
The spectral properties of desert plants are compared with those cf more 
mesic plants. The evolution of the spectral properties of plant leaves 
during the early growing season is given as well as the colorimetric be- 
havior during the autumn. 
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Hapke, B. and H. Van Horn, 1963. Photometric Studies of Complex Surfaces, 
with Applications to the Moon. J. Geophys. Res . 68(15) ’.4545-4570. 


Abstract Th« reflectiou law, of a wide variety of jurfaces have bcca mca«ircd. The fAftnr, 
that govern the optical Katteriog churactcristir, of compIc\ surfaces arc discussed, and tlie 
propertiei of surfaces that scatter light like the moon are specified. Surfaces of solid rock«, 
volcanic slags, or coarsely ground rock powders do not have the intricate structure secessar)* 
for backscattering light strongly, but finely pulvci ized dielectric particles can build extremely 
complex surfaces that can reproduce the lunar scattering law. It is concluded that the surf.ace 
of the moon is covered with a layer of fine rock du.«t composed of particles of the order of 
tlkmicron average diameter and that 90 per cent of the volume of the surface byer is voids. 


Hunt, G. R. and 0. W. Salisbury. 1976. Visible and Near Infrared Spectra 
of Minerals and Rocks. XI. Sedimentary Rocks. Mod. Geol. 5(4):211-217. 


fCP OT.x SCi; IBI3. 
PEr'.CC ■ .'.NCE SPECTOA 
Sai;ostones At;n lI'.; 
VvM. THE SPE.:*' A uf 


.0L.5. MO. 2. p.tli eiOIRF.CTlCMAL 

L" 24 ^jEnr.-.IMfA-t AL'.Ci'.S C'HAitS, 

■iTTNES) .vriE f=c” 0.325 tc 2.5 

..‘T IC'.'LATE 3:£C'JS3Ei:. IT 


IS FCw'.O That the — F rcA’uAES ’"s 3.U5EC1 9’ HYCRCvYL, 

W.'.TEO 33 CAAECNArc '^£»TCNE .'.fO vEVlIM-'.TICM TCME3. C.t Pv 
E'.ECTFCMC Tpa'ISI T I Jtri in ISCN. in v.'-.r C-’.5E5 T;-|£SS F£Ar;,:t:S 
ARE ASSCw.AicJ WliH CCoT«T<JciT5 iH.ti CCCwR m5 CE..'cNTS CR 
it^AjRlTIES. AN3 IN ;C£* CASES TH£ SPECTR.1L FEATURES APE Cr.LT 
a:, indirect indication CF PCC.< ( iir.'.PGSITICN '*.2 r,ifi) 


Hunt, G. R. and J. W. Sallsburgy. 1976. Visible and Near Infrared Spectra 
of Minerals and Rocks. XII. Metamorphic Rocks. M od. Geol. 5(4) :319-228. 

For PT.XI See IBID. Vol. 5, No. 4, p. 211 (1976). Bidirectional reflectance 
spectra of 35 metamorphic rocks (marbles, quartizites, gneisses, slates and 
schists) are presented from 0.325 to 2.5 mm. It is found that spectral 
features are caused by carbonate, hydroxyl, water and borate vibrational 
overtone and combination tones, or by electronic transitions in iron, 
manganese, or chromium. In most cases these spectral features are only an 
Indirect Indication of rock composition (16 Refs.) 


(IRKjINyVL ‘ A.IC L" 
OF Fv>jk 


King, L. E. 1976. Measurement of Directional Reflectance of Pavement Surfaces 
and Development of Computer Techniques for Calculating Luminance, u. Ilium,. 
Eng. Soc. 5(2):118-126. 


This Investigation developed and used a directional reflectance goniometer 
to measure the directional reflectances of eleven nine-inch pavement core 
samples. Five asphalt and six concrete. An electronic data processing program 
for calculating roadway luminance based on the reflectance data obtained from 
the samples, was developed and reported (14 Refs). 

Loehrlein, J. E., E. R. F. Winter, and R. Viskanta. 1971. Measurement of 
Bidirectional Reflectance Using a Photographic Technique. IN: American 
Inst. Aeronautics and Astronautics. J.W. Lucas (Ed). M.I.T. Publ., 
Cambridge, Mass. 231-48pp. 


A PHQTCoPAPHIC T6Ch^'i^UE FOS 
CISrplu'.'T ic-J CF V3:iOCti?C:.;ATlC 
SURFACEi IS CFSCPfdEO. F£lArtv£ 
both a OUALl tat ; vE --no C'JAN i' n at I ./£ 
'.V E L L-CHA ^ A c r F. S I i £ 0 V E . 

FCLfCR’iT-Lp.E MiC-iESlu:.: CXI'jE AND 
IN THE VISIBLE CF TmE 5F- 

A,*'GlcS of incidence (21 Refs» 


'.•EASJRING The angular 
FAOIATICN nCFlCCTED =SCM 

asurcvents are R£‘'U=teo on 
BASIS FOR T-'O 3PcCr-£'.S OF 
VE.IY S'.COTm ALWIMJM. 
pS'Ojf.CIION bvn 

ECTRUM FOR A RANGE OF PC..AR 


Loverldge, R. C. and S.R. Scheele. 1973. U6T Post Test Light Scattering 
Measurements. Final Report, Contract F04701-72-C-0299. 66 p. 

Abstract: The purpose of this program was to measure large angle radiation 
scattering from materials. Transmitting elements, baffles, and mirrors were 
used. The measurements were made at 0.6238, 1.15, 3.38, and 10.6 microns and 
at angles of from 1 to 45 degrees. (Author). 


Smith, T.F. and R. 6. Hering. 1972. Surface Roughness Effects on Bidirec- 
tional Reflectance. Rept. No. UILU-ENG-72-4001; ME-TR-661-2. Contract 
NAS7-100, JPL-951661. 126 p. 


AOit r t : An ♦x?#" i rentd cU.ny cF surf«c» rouQH*i#ss «Ffects 

on o Kl t n»c 1 1 vni 1 I'oF ; ectar.cfc rotiiHc ■*u'*F«c>*s ts 

presontc:!. A facility cacao!# c) i nrcc i at i ng n scwol# from 
norma! to gracing inC’C#nc# ai'CJ '■tcorciir.g olan# of incidenc# 
0 i d'< .-(.c t i ona I ryfleotanc# T,aasur#iiients «as a#v«ioned. Samolfs 
coHsiating of glast, alominun alloy. erd sia<nl«ss st##l 
mater iais wert ••lectto for txamir.at ion. Srmolas acre 
roughened using standard grinding ttenniguas and coated witn a 
radiativoly ooaqua layer cf pur# aluminum. Macnanical surface 
rougnn jr.j Dara(r«t#ra, rms n#ignts ard rni slopes, evaluated 
from oigiticed Surface prof i to meaijrcment c are i<??s t^an 1.9 
m I creme .era ana 0 . 28 , resoect i v# 1 y . fiougn Surface sn^cular, 
t i c i r #r t , on.a 1 , and directional reflectance measurements for 
seicntod values of polar ang 1 e of incidence ara uaveiergtri of 
inciuent er.ergy ,,,tnin tn# soentral range of 1 to M 
m I croine ter s are r«oorteU. T-e BecAmann b i di rect > on# I 
reflycfuncc model <s compared .,itn reflectance measurements to 
estaoi'sM its useful ness in describing »ne ragrutude ard 
spatial cl I s t' I but ion of enc-py ref lectad from rcugn surfaces. 
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Wacson, R.D. 1972. 
Selacced Rocks. 


Spsctral Reflectance and Photometric Properties of 
Retn. Sens. Environ. 2:95-100. 


Studies of the ipcctril reflectance and photometric properties of selected rocks at the USCS Mill Creek, 
Oklahoma, remote sensing test site demonstrate that discrimination of rock types is possible through reflection 
measurements, but that the discrimination is complicated by surface conditions, such as weathering and lichen 
growth. Comparisons between fresh-broken, weathered, and lichen-covered granite show that whereas both 
degree of weathering and amount of lichen cover change the reflectance quality of the granite, lichen cover also 
considerably changes the photometric propenies of the granite. Measurements of the spectral reflectance 
normal to the surface of both limestone and dolomite show limestone to be more reflective than dolomite in the 
wavelength range from 380 to 1530 nanometers. The reflectance difference decreases at view angles greater than 
40 ' owing to the difference in the photometric propenies of dolomite and limestone. 
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Bauer, M.E., M.M. Hixson, L.L. Blehl, C.S.T. Daughtry, B.F. Robinson, 
and E.R. Stoner. November 1978. Vol. I Agricultural Scene 
Understanding. Final Report; Principal Investigator O.A. Landgrebe. 
LARS Contract Report 112676. Laboratory for Applications of Remote 
Sensing, Purdue University, West Lafayette, Indiana. 106 p. 

Kviiiiltt of four Invoot Igot ions, all rtlatcd to agricultural rcmota stnslng art dctcrtbi'<1. 

Tht four tasks art; (A) Analysis of Agronomic and Sptctral Data for fhyiical I'ndtr- 
standing, (B) Field Htasurcn.cnts Data Management, (C) Multicrop Supporting Fltld Betoarch, 
and in) Otttrmlnlng tht Climatic and Ctncclc Effects on the Relatlonihlpt Between MuUi- 
spectral Beflectance and Fhytlcal-Chemlcal Fropertles of Soils. 

A. The Analvils of Agronomlc-Spectrsl Data report describes the results of analyses 
nf LACIC Field Besearch Data, including the rel at lonsi.lps of agronomic and reflectanrr 
characteristics of wheat canopies, effect of cultural and environmental factors on 
reflectance properties of wheat, and discrimination of wheat and other crops as a function 
nf wavelength band selection and scqulaltion date. 

I. The Field Measurements Dats Management report describes field research data base 
developed at LABS Including the development of g'rphlcal and statistical analysis software, 
data processing software, and distribution of data. 

C. The Multlcrcp Supporting Field Rtscsreh report describes the measurements of spectral 
characteristics of corn and soybeans and development of a multlspectral data acquititiun 
sytteei for field tctearch. 

0. The fourth report describes the objectives, experimentsl approach, and initial 
results of s study of the relationships between the reflectance and physlcal*chcmical 
properties of over AOO different soilr 


Bauer, M.E., L.F. Silva, R.M. Hoffer and M.F. Baumgaraner. 1977. 

Agricultural Scene Understanding. Final Report. Principal 
Investigator D.A. Landgrebe. LARS Contract Report 112677, The 
Laboratory for Applications of Remote Sensing, Purdue University, 

West Lafayette, Indiana. 173 p. 

Results of four investigations, all related to agricultural remote sensing are 
described. The four tasks are: (A) LACIE Field Measurements, (B) Thermal 

Band Canopy Modeling, (C) Forestry Applications Project, and (D) Soil 
Classification and Survey. 

A. The LACIE Field Measurements project report describes the rationale 
for the experiment, the data acquisition, processing, and storage/retrieval 
by LARS. Results of the sensor correlation and data verification studies are 
discussed, along with the rationale and procedures for calibration of reflec- 
tance measurements. Analytical results of initial analyses relating spectral 
and agronomic measurements are described. The report concludes with recom- 
mendations for future field measurements investigations. 

B. The Thermal Band Canopy Modeling results demonstrate the relationship 
between geometric parameters of wheat canopies, environmental variables, and 
radiance temperature. 
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C. The Forestry Application Project report descr bes Investigations of 

(1) the acceptability of Landsat area estimates as Inputs to forest Inventory, 

(2) definition of an efficient and cost effective method of developing optliTial 
Landsat training statistics for mapping forest cover, and (3) a comparison of 
five different classification techniques In terms of cost, accuracy, and output 
products . 

D. The Soil Classification and Survey report describes the results of 
(1) field experiments relating spectral reflectance measurements to dark and 
light soils at two surface moisture levels and two amounts of surface residue, 
and (2) classification for soil survey of multiple dates of Landsat data 
covering the same scene. 


Colwell, J.E. 197^. Grass Canopy Bidirectional Spectral Reflectance. 

Proc. of the 9th Int. Svmp. on Remote Sensing of Environ , v. 2:1061-1035. 


Tm grttn, r«3, orrj n»er infrared B * 0 ' reel < one 1 reflectance 
of ' gr.-iss' canooiet »<as ttuO'eo Dotn trecret tca 1) y and 
emo'< r i ccin y , in o.'Car to deter-niine tne fessiBiiity of using 
remote sensing teennioues to assess tne stcr.dmg Biomass 0^ 
graislenos. Tne ' nwest i gat i on sno«ed tnst tne opt'num 

SDtCtrsI Bancs for rirote dr t ' rm i na t * on gf standing Dicnass Of 
grassland's vary, desfiding ^n sucn tnmgs as tne t yOe of 
vegetatio*>. tne rs-ige of values of otreent vegetation cover 
present, tne soil reflectance, and tne look angle and solar 
zenntn angle. Mo single spectral Band can Be considered to Be 
eT*Vctive in all sit-ntions. 


Coulson, K.L. and D.W. 
Natural Surfaces. 


Reynolds. 1971. The Spectral Reflectance of 
J. Appl. Heterology 10:1285-1295. 


Th« sinoiiftt o( solar wiercj- redenec from vinous soils ir.d of vt^tsuon has bwn - easursd as a 
fjnc-.ioo of sun rirvanon in sit aiffefeni waveirnth ranee* J\ tr.t uluaviol*'., vjsi:..e sne rear- .'.'irfc 
regions of the spee*..n;.*n It :s shown t.hat t.Ser* ;s a si<niaear.t <3eBcaae.net of rt.^eetance jn ooia »a\e:i:.ri;’..o 
i.ra cievatiun ol the sun :or ail surfaces for which .Teasu.'tmeais were -lace. 
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de Boer, T.A., N.J.J. Bunnik, H.W.J. van Kasteren, G.P. de Loor, D. Uenk, 
and W. Verhoef. 1974, Investigation into the Spectral Signature of 
Agricultural Crops During their State of Growth. Proc. of the 9th 
Int. Symp. on Remote Sensing of Environ , v. 2:1441-1455. 


Tne SD^Otral signature ';-u:n 400 to 23CO nm of 11 crcos was 
det^rmi neia at' dif'fcrent pnases of tneir growth. A 
f i e'l docectrometer constructed according to a new onnciple ana 
devaiooed' in tn# Netherlands, was used. To reduce tne nurrcer 
of I ooram'eters that affect the directional reflectance of a 
canocy ih its' natural environment, the reflectance was 
measured bniy peroendi cu 1 ar 1 y to the field surface while using 
an artificial light source. The purpose of this investigation 
was to determ'ine, .vithm tne avat ladle aitrospneric windows, 
the soectral nahos in »ntch the cptimal differences Detween 
the' s i gnatures of different crops during their state of growth 
could De neasured. 15 refs. 


Dinnhlrn, I. and F.D. 
Albedo of Snow. 


Eaton. 1975. Some Characteristics of the 
J. Appl . Meteroloqy 14:375-379. 


Sprin; sno« covers ethibit a substantial contribution of a specular com|)oneni to their reflection of solar 
radiation. This anisotropy can be measured with radiometers '.viih small a;>criurc, here with a TIROS 
radiometer. Indii-atrices thus determined are dependent on solar ansle. They are of importance for inier- 
prainu albedo values and for reducin; air- or spacebome reilectance data taken under distinct nadir angles. 


2.65 



Duggin, M.J. Likely effects of solar elevation on the quantification 
of changes In vegetation with maturity using sequential LANOSAT 
Imagery. Appl . Optics 16 (March 1977), 521-523. 


Recent work has shown chat green biomass can be related to ratio functions 
of Che radiance detected by the Landsat scanner In bands 7 and 5. The 
vernal advancement and retrogradatlon (green wave effect) may also be 
be observed from studies of these radiance ratios. The effect of Che sun's 
angle on reflectance properties has so far not been allowed for in 
studies of sequential Images, although a correction of Irradlance Co a 
reference sun angle has been made in some cases. 

The reflectance factor values and their dependence on solar elevation for 
each bandpass were found to differ with variety. In general, MSS 7 
showed a stronger sun angle dependence than MSS 3. For a change In solar 
zenith angle from 30 degrees to 60 degrees, the MSS7/MSS5 ratio varied 
from 25 Z to 302. 


Earing, D.G. and J.A. Smith, 1966, Data Compilacion of Target and 
Background Characteristics, Target Signature Analysis Center: 
Data Compilation, The University of Michigan, prepared for 
Air Force Avionics Laboratory, Wright-Patterson Air Force Base, 
Ohio, AD 489 968. 
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Eaton, F.D. and I. Dlrmhlrn. 1979. Reflected Irradlance Indicatrices 
of Natural Surfaces and their Effect on Albedo. Appl . Optics 
18(7):994-1008. 


The indicatrices of solar radiation reflected from characteristic natural surfaces were measured with a Nim- 
bus Medium Resolution Radiometer (MRIRi 3 m above the ground. Results indicated that areas such as 
salt and alkali Hats had only small deviations from isotropic reHections, while others such as sparsely vege- 
tated areas had substantial deviations. The indicatrices were strongly dependent on the sun angle: thus a 
daily variation was found for must features. Typical indicatrices. normalized to nadir angle of zero degrees, 
are presented along with their impacts on measured albedo, which varies with solar angle. Our results can 
(1) improve surface albedo considerations using space-generated data, and <21 serve as a more realistic lower 
boundary condition for atmospheric transfer determinations based on space data. 


Egbert Dwight D. and Fawwaz T. Ulaby. 1972. Effect of Angles on 
Reflectivity. Photogramme trie Engineering. Volume XXXVIII, 
No. 6. Pp. 556-564. 


In planning remote sensing missions with multiband photography in the visible 
and near-infrared regions, few investigators have ready access to the spectral 
information needed to choose the appropriate filter combinations. A technique 
has be«5n developed by which one may pre-test to determine the optimum filter 
combinations and the feasibility of such a multiband mission. The test pro- 
vides multispectral reflectivity curves not only for the targets or categories 
to identified, but also for those backgrounds against which they are usually 
encountered. The procedure incorporates a method for determining spectral 
reflectance as a function of solar altitude, incidence look angle, and azimuth 
look angle. This angular dependence of reflectivity can be significant and 
might be used as an aid in detecting certain targets. It was found that for 
one target-background pair (asphalt and grass) the contrast ratio can range 
from 2:1 to 0.5:1 under different angle conditions. 
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Fuller. S.P. and W.R. Rouse. 1979. Spectral Reflectance Changes 
Accompanying a Post-Fire Recovery Sequence in a Subart ic Spruce 
Lichen Woodland. Remote Sensing of Envir. 8:11-23. 


A sequence of burned surface* a«ed 0, 1. i 25 and SO >-«an v«^ iavesQgited repidin^ change* in the rpectral 
distnbuBoa of .'eflected light. Controts were introduced to isolate diuraai and seasonal effects. The resuio show 
gradually increasing reflectance with locreaslng age of bum. With the esuhiishment of vegeuBon a new set of 
absorpBOo and reflectance cnteria are established subitanBallv aiteruig the spectral characterisBcs. The apparent 
e^ect of a mature forest canopy is ambiguous. Diffuse and overcast condiBons reduce the reflectance for oil surfaces. 
Further work is suggested to reinforce results for surfaces with low sampling rephcatoo. 


Kalma, J.O. and R, Badham. 1972. The Radiation Balance of a Tropical 

Pasture, I. The Reflection of Short-wave Radiation. Agric. Meteorol . 
10:251-259. 


Ranemasu, -E.T. 1974. Seasonal Canopy Reflectance Patterns of Ivheat, 

Sorghunit and Soybean. Remote Sensing of Environment 3:43-47. 


Rcflecunce charscterisiics of agronomic crops are of major importance in the energy enchanges of a surface. 
In iddiiion. unique reflccljnce paiierns may be an aid in crop ideniificalion by means of rem.ne ‘■ensing Our 
study suggests that the ratio of the reflectances of the 5-i5-nm to the 6ff-nm nasebands provides inforn.aiion 
about the \ie red surface regardless of the crop. The reflectance ratio is less than unity early and late in the 
growing ‘•eason .'■or all crops studied, the ratio closely followed crop growth and development and appeared to 
he more desirable than the near-mfrared reflectance as an index of growth. 
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Klmes, D. S., J. A. Smith, and K. J. Ranson. 1979. Interpreting Vegetation 
Reflectance Measurements as a Function of Solar Zenith Angle. NASA 
Technical Memorandum 80320. NASA Goddard Space Flight Center. 29 p. 
(Also submitted to Photog. Eng. & Rem. Sens.) 


An understanding of the behavior of vegetation canopy reflectance as 
a function of solar zenith angle is important to several remote sensing 
applications. Spectral hemispherical-conical reflectances of a nadir 
looking sensor were taken throughout the day of a lodgepole pine and 
two grass canopies. Mathematical simulations of both spectral hemispherical- 
conical and bi-hemispherical reflectances were performed for two theoretical 
canopies of contrasting geometric structure. These results and comparisons 
with literature studies showed a great amount of variability of vegetation 
canopy reflectances as a function of solar zentih angle. Explanations 
for this variability are discussed and recommendations for further measure- 
ments are proposed. 


Kondratiev, K. Y. Z., F. Mironova, and A. N. Otto. 1964. Spectral 

Albedo of Natural Surfaces. Pure and Appl . Geophysics 59:207-216. 


Summitry - The jliort description of the field dtstnree inst.illntion for measuring spectrul 
os relation of scnii-splicrical fluxes of reflected xnd incoming rndiation is made Dntn on 
'I.' meiisiircnicnts ol Spectral albedo in the wavelength range from 450 to 950 m;* for different 
M., I Mini surfaces nre given. 
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Large Area Crop Inventory Experiment (LACIE). Crop Spectra from LACIE 
Field Measurements. NASA. Lyndon B. Johnson Space Center, Houston, 
Texas 77058. March 1978. LACIE-00469, JSC-13734. 


The LACIE Field Measurements project has acquired and assembled one 
of the most comprehensive’ data sets for agricultural remote sensing research. 
The purpose of this document is to briefly describe the data sets and to 
introduce potential investigators to the spectral data through a series of 
examples illustrating major sources of variation in the reflectance of wheat 
and several of its confusion crops. 

Requests for further information or data should be addressed to: 

Chief, Earth Observations Division 
Mail Code SF 

NASA - Johnson Space Center 
Houston, Texas 77058 
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Middleton, W.E.K. and A.G. Mungall . 1952, The Luminous Directional 

Reflectance of Snow. Journal of the Optical Society of America 
42(8):572-579. 


D>' r-.<T.i5 .-.f ^ coi.'t'ixtc'f por!.ihV j;on:.pho''’ir' •»> -Ke 'int l wr. il '.f js 

: -rf.'.ri'S of «“0»' -.'.IS thi; <il 1');! I'<52. --vi; s r. I • r'- ".c.irly 

: h^n orficrs, ill '■.o ' ol h . i!ir :• .il !i'i;S '.'p' i - f .''.cr.rc At ‘ — tlif- ry 

of tht 'pn- .A If -oAcvlion iS i'S r^ripircJ ■>' ;' h c rpir: ;l The I xpc'r-u .1 ;c i '.l^.U the 

ir.^lc of fftltrtir.ce is jrcattr ih.m the anjlc of ircidfr.cs Is L-\r-l uref l,> the tho'iry. 


Montelth, J. L. and G. Szeicz. 1961. 
Soil and Vegetation. Quart. J. 


The Radiation Balance of Bare 
Roy. Meteor. Soc. 87: 159-170. 


L-.csmir.? shir:- A’lve nciation S. reriec:ed snort-vvave r»c;»:ion i S ar.c r.et rac.a:;on R Atre T.easurcc 
oyer care soil ar.d crops from 1937 to 1939. and net iong-wave radution iL. *‘as decreed from 

R m fi - a) S - L 

for grass, » inernsed from 0-23 « solar eie'.-auon 60* to 0-23 at 20’ with daily mean 0 26 Fir care scii. 
the ccrrespor.cir.g merease was from 0-16 to )-19 'aim .mean 0-17. I.n rr.ta-June. L for care »oi: decreased 
from - 0-1 cal cm"* min"‘ durmg the c..ght to — O 'A cal cm"* min"‘ m t.he early afterr.oon. .“or .or.j grass, 
in .\ujust. t.".e corresponoi.ng c.nange --as from — 0-05 to — 0-22 cai cm"* .■nir.*‘ '...".wcr i.ear iKies tc.e 

ciccmmg ,ong-'*ave component varieG much less t.han the outgoing component, inu net "._x L -as cioseiy 
rtiatec to surface temperature- 

Witn a heating ccc.mcient ' i — — dL.'aR, tne obser.-ed linear ceper.oence zi R on o in t.-.e 4cser.ee of 
elouc .Tiav be expressed as 

R - S(1 - sve - i) - L, 

were, formiilv, R m a^nen o <■ •) .“or grass, sugar beet and potatoes. 3 lay pef-ee.r 0-13 and j .Z -i:.“. 
» .-ariation vr.ic.r may deperu on .vir.d speep rather tr.an on crop. The vaiue for c.-y oare soi. sas ngrer 
lO-al' oecause tr.cre a ss greater surface resting. 

.Vcasurerr.enis j.rccr clear s2.es and over grass it Cambridge a.rc Kew agree well sit.-. Rct.rarr.stcd 
niucs 3 - -)-22. 1, « — 5 'A cat cm"* hr*''. Cver .N'ebrasxi prairie, 3 — 0'23. C, — - 5 cii c.m"* 
frem selected opier.'at;ona during Projects Great Plains sna Prairie grass. 
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Oliver, R. p, J. K. Berry, and J. A. Smith. 1975. A Portable Instrument 
for Measuring Apparent Directional Reflectance. Eng . 14(3):244-7. 


A portable battery-powered spectroradiometer has been constructed for the 
measurement of the apparent directional reflectance of natural targets. A 
silicon detector that is tripod mounted and positioned to monitor a 
horizontally oriented reference panel determines the target irradiance. A 
second detector for measurement of target radiance is mounted on the tripod 
swivel head. Electronic switching provides alternate detector references 
for the determination of apparent directional reflectance. Snap-on inter- 
ference filters allow measurement in desired spectral bands. Equipment 
calibration procedures are discussed and typical experimental radiation 
data are given (12 Refs). 


Rao, V.R., E.J. Brach, and A.R. Mack. 1979. Bidirectional Reflectance 
of Crops and the Soil Contribution. Remote Sensing of Envir. 
8:115-125. 


Spectra of cereiij. jrassee, ind com were measured repeatedJv from prerlowenng to early matur.r , The bidirecttsr.aj 
and anfuiar aspects were mere pronounced for a suncLne crop iuch as cereals oacsi than for a cupped sod. TV.e 
contnbuoon of the soU to the total i^diance and die amount of the total racoance were reduced bv a —eater 
percentage of ground cover The effect of angular scattering an radiance decreased with rr.arur.tv. 
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Smith, J.A., J.K. Berry, and F. Helmes. 1975. Signature Extension for 
Sun Angle. EOD, NASA, JSC, NAS 9-14467, Final Report. 


This is the second volume In a two-volume final report series for 
^reject NAS 9-14<i67 sponsored by the Ear",h Observations Division, N'ASA/JSC. 
'“.is report series summarizes the work covered between the period November 
;5, 1974, and November 14, 1975. The objectives of the project were to 
.•valudte the LACIE II table look-up approach to sun-angle correction. Canopy 
reflectance modeling was employed as a technique for evaluating sun-angle 
sicnature extension. 

Volume I presents the multiplicative and additive coefficient matrices 
for a linear sun-angle correction approach. These coefficient tables are 
calculated using either measured empirical canopy reflectance functions or 
rodel derived data. These values are then incorporated into an atmospheric 
radiation transfer model. The dependence of the coefficient matrices on 
crop stage, crop type, and canopy directional reflectance variations is 
reviewed. Finally, a method for inferring leaf area index, an intrinsic 
scene characteristic, from canopy reflectance is discussed. 

Volume II presents the basic data and computer programs used in the 
study. A brief review of the radiometric and geometric data collection 
procedures is also given. In particular, two recent methods developed by 
the investigators for determining plant geometry are discussed. These include 
the Fourier diffraction and multiple view angle approach. The data compila- 
tion consists of canopy reflectance, constituent reflectance, Leaf-Area- 
Indices, and leaf slope distributions for four wheat crop development 
stages at Garden City, Kansas. 


OF rv.-/K 
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Steiner, D. and T. Cuterman 1966. Russian Data on Spectral Reflectance of 
Vegetation, Soil and Rock Types. University of Zurich, Switzerland. 
Final Technical Report. 


Tucker, C,J., J.H, Elgin, Jr., and J.E. McMurcrey, III. 1979. Relation- 
ship of Red and Photographic Infrared Spectral Radiances to Alfalfa 
Biomass, Forage Water Content, Percentage Canopy Cover, and 
Severity of Drought Stress. NASA Technical Memorandum 80272, 
NASA/Goddard Space Flight Center, Greenbelt, Maryland. 14 p. 

(Also submitted to Remote Sensing of Envir .) 


Red and photographic infrared spectral data were collected using a 
hand-held radiometer for two cuttings of alfalfa. Significant linear 
and non-linear correlation coefficients were found between the spectral 
variables and plant height, biomass, forage water content, and estimated 
canopy cover for the earlier alfalfa cutting. The alfalfa of later 
cutting experienced a period of severe drought stress which limited 
growth. The spectral variables were found to be highly correlated with 
the estimated drought scores for this alfalfa cutting. 
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Tucker, C.J., B.S. Holben, J.K. Elgin, Jr., and J.E. McNurcrey, III. 
1979. The Relaclonship of Red and Phocographlc Infrared Speccral 
Data to Grain Yield Variation Within a Winter Wheat Field. 

NASA Technical Memorandum 80318, NASA/Goddard Space Flight Center, 
Creenbelc, Maryland. 22 p. 

(Also submitted to Photog. Eng. & Rem. Sens . ) 


Two-band hand-held radiometer data from a winter wheat field, 
collected on 21 dates during the spring growing season, were correlated 
with within field final grain yield. Significant linear relationships 
were found between various combinations of the red and photographic 
infrared radiance data collected and the grain yield. The spectral 
data explained approximately 6SZ of the within field grain yield 
variation. This variation in grain yield could not be explained using 
meteorological data as these were similar for all areas of the wheat 
field. Most Importantly, data collected early in the spring were highly 
correlated with grain yield; a five-week time window existed from stem 
elongation through antheses in which the speccral data were most highly 
correlated with grain yield; and manifestations of wheat canopy water 
stress were readily apparent in the spectral data. 


Verhoef, W. , and N. 0. J. Bunnik. 1976. The Spectral Directional 

Reflectance of Row Crops. Part 1: Consequences of Non-Lambert Ian 

Behavior for Automatic Classification. Part 2: Measurements on 
Wheat and Simulations by Means of a Reflectance Model for Row Crops. 
Tech. Rept. No. NIWARS-PUBL-35. Netherlands Interdepartmental 
Working Group on the Application of Remote Sensing, Delft. 


Afjit'-act: Th« Suits tr.oa»'> for cancc/ r*41ectanc* was 

applied to tirmilats a mu I X « spec tra I scsriming Qv*r an 

C3."ica! tural araa. Non-Uarroen t i an ano 

m ' SC • ass i ^ i C8 X i on wana stuQ>ao on xna oas^s unp-ocassaci ario 

nramocessf’j data ^rom »na ra^lectjnca s'moict'ons. A naw 
a*C'»f' < rranta I nedaf ♦on tna calculation o' C'i“acX'onal 
f'e^iectance row cnoos. cased on tna one-ia-.ar Su’ts mocai. 
>s orasentea. trij modal was apoiieti to s • m.. .i i e moofi._i-tm.ants 
of tna soact-at directional ra'iectanca on macran ica t i v so«<d 
wnaat at several growth stages 'n tna summer of i?74. Jn 
genera I . incut and Output data of cotn mode ' and field data 
aurta wall. Soacular reflection at leaves, not ’neerporated in 
tna preoent mocai. accaars to fta a S'Cn-.f leant factur for crop 
ref !ec:s'-.otj. 
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II. MEASUREMENTS 


C. PLATFORM (AIRCRAFT AND SATELLITE) 
16 references 
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Brennan, B. 1969. Bidirectional Reflectance Measurements From an Air 
Craft Over Natural Earth Surfaces. Tech. Rept. No. NASA-IM-X- 
63564; X-622-69>^216. National Aeronautics and Space Admin. 
Goddard Space Flight Center, Greenbelt, MO. 
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Brennan, B. and W.R. Bandeen. 1970. Anisotropic Reflectance Character 
Istics of Natural Earth Surfaces. App^ . Optics 9(2) ;405-412. 


TJic pntiern* of ri-riection of .oUr railiaiioii fmn> cloml, water, ami laiul «nrfin'e« wi'ie meafuivtl with an 
nircra/t.btinic medium le-oluiioii r.adiontcter. lU-flefi.aitre- in dii’ 0.2-4,(V,, and |K>iinm.« of 

the electromagnetic «j)ei tn.,'n were inve»iigatod. I!e*nli* indicate ihat the icfiectaare th!irartc'i«uc« of 
mo-t of the «urface tyjje. men«nred are am,«)iMpic. The ani'otnipv i- dependent <>n the iv^te i>f >iiiface 
.and the .angler of incidenre .and reflection. In trencral. the .ani*i >i ropy increa-e^ with mtrea.ins >olar 
jieiiiih angle. Cloud- .and fore<ti *how- <imilar reflectance p.attern-*. with foiw.anl and backwari -rafter- 
ins peaka. Ocean -orface* yield a pattern -imilar to tho^ of the cloud* and fore«t> but with an addrnmal 
}>eak which i* a<'<oci.atrd with -un glitter. Ueflectanceti mea-nred in the band ate gcnctaily 

lower than th<»e in the O..Vi-O.S.Vm band under cloudy condition' . .\ni-oimpy and spectral bandwidth 
-honld be accounte*! for when computing ihe aibedo of i he earth from narn>w field- ii-vi?w mea-nreinetut 
fn..ii .atellites; otherwi-e. large error* may lie expected to occur. 


Couloon, Kinsell L. 1966. Effects of Reflection Properties of Natural 
Surfaces In Aerial Reconnaissance. Applied Optics 5(6):905. 
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Duggin, M.J. 1974. On ths Natural Limitations of Target Differentiation 
by Means of Spectral Discrimination Techniques. Proc. of the 9th 
Int. Sv’mp. on Remote Sensing of Environ , v. 1:499-515. 


Tie aescrices ■.•■ork directed at detei'min'ng f^a minimum 

dMferencas in detectad tar;et radiances recessary to e<cec'o 
noi'ae ftt' tne detGctr.r. Th<5 is caused dy atmos;jno'' tc 
fluctuations across tne scene ar.d r.< variations m directonai 
reflectance across tne target surface. Cniy ivnen oetectcd 

radiance differences exceed this noise can terrain 

c 1 a'ss i f i cat i on oe unamo i guous . ror tne atmosoheric variations 
whibn measured and fo^ IaO typical target radiance values 
►'hith lie »ithin tne range measured, the minimum target 
radiance difference Pet>veen single pixels in each of two 
targets Tiust exceed 20% of tne smaller reflected radiance 

value for meaningful target differentiation of pairs of 
pixels.' 


Gushchin, A.N., S.G. Slutskaya, and B.I. Shkurskii. 1977. Investigation 
of tne Spatial Structure of Terrestrial Luminance Fields. Sov. J. 
Opt. Techno! . 44(6) :327-330. 


ll.r ■iiincnrrcUlion funciiont anj liiiiiigrains of tke onckiimensional Ijminance dis.ribution' of ceniic 
irimm and elciud lypn aic • and approjimaied ir the 0.5-1 1 and O.'^-II.S fim spr^tnj 

iiiirtviiK for oS«rvaiion\ ai aliiiinlrn iif 2000-5000 m with ^ (round rnoluiion of 20-50 ir» 
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Hauth, F.F. and J.A. Weinman. 1969. Investigation of Clouds Above Snow 
Surfaces Utilizing Radiation Measurements Obtained from Nimbus II 
Satellite. Rem. Sens. Environ. 1(1):7-11. 


0 i 2 i rect i ona I refl?ctance of soirtr raOiatiOT as function of 
scatifertn ‘5 angles f'-cn sno* and Cloud surfaces is found to 
differ* ir.a “keo '■ V ; va'iation of h i d < rec t i cnal ncflectance »itn 
scattcriny angle ;.ooencis on cloud tniCKness: infrened 

te’'‘oeratu'*e data ootcined fr*om same are uced in 

con'junctibn w'tn tn's? ocservations to p''ov<de in format > on on 
cna'acter I St r cs of clouds located aooue sr.cu» iurfacss; Nimnus 
II Msd i ufff Reso 1 w t i or\ data ara used to illustrate row sucr data 
provide in format ion on clouds aceve srcw surfaces. 9 refs. 


Hoffer, R.M. and Staff. 1974. An Interdisciplinary Analysis of Colorado 
Rocky Mountain Environments Using ADP Techniques. Final Report. 
LARS/Purdue University. Contract No. NAS5-21880. 


I cpui t tlc'i 1 i f)cs i !ie ^ig^l fir 111 t ix-'clis of a i'.' o \ c m iiuci >!i'i ijjI Iimi ' 't luly iii- 

\ul\ing i!ic u>c of ronipuici -.lidcil .m.ilN'is luliniijiio' .ijij>lici.I lo LKlS^.M.sS li.it.i i.ol- 

Icctc’d o\ci nf''’ci! iiiouMtrrfiioiis tciiriin in .'oiiih'v oiu n .iiul lonii.il Cuk.i.k!o. T!lC^e 
° V * V 

iCMihs iu\ol\e fne specific ;ireas of icscMi cii, iiu’iuliiig; I) Ei ;ii Iinciuory, u iih 

ciiipl: isis on t!ic utilit.ition of KRTS ilutj .nul coi’ipiitci-.iiilcd .mahsis tcduiiques for 
fucst cover innpjiing and acreage estimates; tliC reiiilts also incimle a cost anahsiv, 2) 
Ilviiio’.ogical Features Survey involving ihg capaliiiiiy for utili/ing ERTS to monitor 
the ciiaiige in snow cover ami inventory water botiies; a) Ccomoipl'.olugical Featuies 
Survey, v\ith a liiscussion on tl'.c utiiii:atioii of ER'^S Jaia in coinliination vvith .ancii- 
l.ny information; j) Interpretation Techniques, discussing the concepts of movieliiig 
topographic relief in order to be .aide to develop better analysis proceduics; and 5; Data 
CoIIertion PJatform, a ic*'iew of the operations of a DCP under .idveise climatic comli- 
nons. 

•A --cction is devoted to a huge inmiber of >pcc:f!c results and conditions of signifi- 
cance. and recommendations for future C.arth ul^sci \ .nionnl sv stems. 
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Kriebel, K.T. (1974), The spectral reflectance of a vegetated surface 
Part 1: Method and application, Contr. Atm. Phys . 47, 14 


Summary: A method is presented to compute the spectral bidirectional reflectance distribution function 
from the reflected and incoming radiation field with consideration of the spectral sky radiation 1iiis method 
is applied to a vegetated homogeneous surface. With an eight channel radiometer the angular distribution of 
the spectral radiation field of a savannah near Tsumeb, South westafrica, is measured in the spectral range 
from 0.4 urn to 2.2 um by means of an airplane. 

Die spectral bidirectional reflectance distribution function and the spectral albedo of the savannah ate 
determined. Die anisotropy of the bidirectional reflectance distribution function is mostly due to shading 
effects at the surface. Generally the sky radiation cannot be neglected m relation to the sun radiation. If the 
sky radiation is distinctly smaller than the sun radiation, the assumption of Isotropic sky radiation is justified 
whereby the determination of the bidirectional reflectance distribution function becomes simple. 


Kriebel, K.T. 1976. On the Variability of the Reflected Radiation 
Field Due to Differing Distributions of the Irradiation. Remote 
Sensing Environ. 4:257-264. 


The directional renecitii radiation of natural surfaces may change even if nothinii save th» 
distribution of the irradiation over the hemisphere vanes This is due to the angular anisotropy of 
the rerlection properties of natural surfaces. The ouanutative determination of this etfect tor tour 
different vegetated surfaces is the aim of this investigation In this paper, results tor the firs: oi the 
four surfaces, a savannah, are shown. The directional reflected rt'di ition may ange hy t i ; per 
degree change of the solar zenith angle and hy : I'T per o'! change of the spectral atmospheric 
lurbidity factor at 0.5 2 jam. 
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Kriebel, K.T. 1978. Average Variability of the Radiation Reflected by 
Vegetated Surfaces due to Differing Irradiations. Remote Sensing 
of Environ. 7:31-83. 


The average vjri^b'Jiry of the reflected radiation field due to differing i.itr.bufcns of the irradu* 
tion in case of a savannah was given in a previous paper In this paper, er,^r. alent results are gtven 
for three more surfaces: bog, pasture land, and coniferous forest. Because the results .ire rather 
sr.nJar. ine.an values for vegetated surfaces can be de.-iveJ They undicatc a c.‘;.ingc of t.he rcilacted 
radi.ince by + I'ij per degree change of the solar ccniih angle and per 10* change of the optical 
depth of t.ae atmosphere. 


Kriebel, K.T. 1978. Measured spectral bidirectional reflection 

properties of four vegetated surfaces. Appl . Optics 17(2) ;253-259 


Spectral bidirectional reflectance values are presented at the 0.52-tJiT! wavelength based on measured value* 
of the radiation field of four 'cgeUied surfaces; savannah, bog, pasture land, and coniferous forest, whic.h 
cover a wide range of'natural vegetated canopies. The results are given as examples of the full set cl bidirec- 
tional reflectance values which co.'sisU of data at seven wavelengths between O.S3 and 2.20 for each 
of l.he four surfaces. (7ron» July 19 the full set of d.tta is available from the author on request.) The dau 
may be applied for calculation* of t! e radiative transfer in the at.mosphere with realistic ground properties 
instead of isotropic albedo values. 


a... 
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V.V. Salomonson (1966), Anisotropy of reflected solar radiation from 
various surfaces as measured with an aircraft-mounted radiometer. 
Proc. 4th Symp. Remote Sensing Environ. , University of Michigan, 
p. 395. 


In the past few years, research has been done with satellite-mounted 
radiometers to determine terrestrial albedos and planetary heat balance . 

In these studies the reflection of the solar radiation was assumed to be inde- 
pendent of wavelength and isotropic. Using these assumptions, the satellite- 
determined values of planetary albedo have been found to be consistently 
low. In an effort toward resolving this discrepancy, the NIMBUS medium 
resolution radiometer has been mounted on a Piper Twin Comanche and used 
to measure the anisotropy of reflected solar radiation from various sur- 
faces. By flying over a surface using a prescribed flight pattern and the 
scanning characteristics of the radiometer, the variations in the reflected 
radiation in different directions, radiometer zenith angles, and solar zenith 
angles have been measured. The results show strong forward scattering 
over stratus clouds at a large solar zenith angle. BacKScattering predomi- 
nates over a grassland surface at a large solar zerith a.ngle. The ratio of 
.averaged observed reflectance to minimum observed reflectance varies 
from 1.09 to 1. 40 depending on the bandpass and r.de rejecting surface. 


C' • 




V. 
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Salomonson, V.V. and W.E. Marlatt (1968), J. Appl . Meteorol . 7, 475-483. 
Anisotropic Solar Reflectance over White Sand, Snow and Stratus Clouds. 
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Salomonson, V.V. and 
Reflected Solar 


W.E. Marlatt. 1971. Airborne Measurements 
Radiation. Remote Sensing Environ . 2, 1-8. 


of 


In a srudy contnbuting to better satellite determinations of tne eartfi-atmosphere radiative heat budget, 
measurements of the directtonai variation in reflected soiar radiation over sotis and vegetation have been made 
using an aircraitborne scanning radiometer with a field of view of 50 mraa. Bidirectional reflectances were 
observed m two portions of the solar spectrum [0.1-i.Q ^ and 0.5S~0 3f at times when the solar rennh angle 
was between and 30’ Flights were made over a dry desert lake red devoid of vegetation, a scii sunace 
covered by snort grasses, and a densely vegetated surface. The results show anisotropy in the reflected soiar 
radiation over each of the surtaces. The largest bidirectional reflectances were observed in the backscatter.ng 
directions Cat angles greater than 90'* to the direction of the incident radiation). Over the dry’ desert lake bed, 
higher bidirectional ,-eriectances wereooserved in t.he 0.55-0.35 ^ bandpass than m the0.2-i o u bandpass, 
however, over the densely vegetated surface the larger reflectances were observed in the 0,2— 0 a bardoass. 
The overall results support suggestions that crop dentiflcaiion and radiation budget determinations are 
possible over iarge agricultural areas through appropnate spectroradiometrtc .Tteasurements from satellites. 


Schutt, J.B. 1977. Understanding Bidirectional Reflectance and 
Transmission for Space Applications. HI’ Standardization In 
Spectrophotometry and Luminescence Measurements. K. D. Mielenz, 
R. A. Velapoldl, and R. Mavrodineanu (Eds). Nat. Bur. Standards 
Publ , Washington, D. C. 2:87-93. 


Applications for optical diffusers in space projects are presented which 
include the functions of reflection, transmittance, and collection. These 
modes encomoass such diverse uses as temperature regulation and ozone 
concentration monitors. Discussed Is the cooperative aspect of diffuse 
reflectance and environmental stability. Magnesium oxide, sodium chloride 
and barium sulphate are ev.aluated in some detail. The importance of scene 
scattering behavior to modeling the earth's radiation budget and in deter- 
mining thennal inertias of the earth's surface are discussed. Finally, 
work in the area of canopy reflectance modeling is reviewed with verifica- 
tion data included whenever available. 
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Smith. J. A., T.L. Lin and K.J. Ranson. 1979. The Lambertian Assumption 
and Landsat Data. Submitted to Photog. Eng. Rem. Sens. 


Analysis of terrain geometric effects on the optical scattering 
properties of Pinus ponderosa as measured by the Landsat multispectral 
scanner has been performed. A mountainous study site in Colorado was 
utilized in which eff^ntive view angles between the surface normal 
vector and the zenith satellite sensor angle ranged between 0 and 45*. 
Effective illumination angles between the surface normal vector and 
the sun at image acquisition ranged between 30 and 80*. 

Seventy-six sample points of similar cover density and type were 
selected within the study site. Topographic slope, aspect, and calcu- 
lated incidence and exitance angles were merged with the multispectral 
Landsat response for MSS bands 4, 5, 6, and 7. Regression analysis 
was applied to the data in order to fit a generalized photometric 
function. The slope of th€* regression line may be compared to the 
expected value for Lambertian scattering and a test of significance 
performed. At the 9531 significance level, the Lambertian assumption 
for ponderosa pine Landsat responses was rejected. 
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III. APPLICATIONS AND TECHNIQUES 
14 references 
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Coulson. K. L. and H. Jacobowitz. 1972. Proposed Calibration Target 
for the Visible Channel of a Satellite Radiometer. Tech. Rept. 
NOAA TR NESS 62. U.S. National Oceanic and Atmospheric Admin., 
Nat. Environ. Satellite Serv., Wash., D. C. 27 pp. 


ABSTRACT, A method is proposed for calibrating the 
visible channel of a satellite radiometer from orbit 
by using a sunlit area on the earth's surface as a 
calibration target. For a highly reflective surface 
and solar elevations of 30° or greater, the dominant 
component of the intensity of radiation directed out- 
vard from the top of the atmosphere is attributable 
to incident solar radiation Viiiich is transmitted 
directly do-.-mward through the atmosphere, reflected 
from the surface, and transmitted directly back out 
through the atmosphere. Aside from the solar co’~stant, 
the only parameters that must be known to dete'-minc chis 
dominant intensity component are the directional 
reflectance of the surface and the optical thickness of 
the atmosphere. Beth can be measured directly with the 
proposed instrumentation. The intensity cerTponents 
arising from diffuse transmission or backscatter can be 
’ determined by measuring the global flux incident at the 
surface and applying radiative transfer theory for 
realistic models of the turbid aLmosphere ever the 
calibration site. A single filter instrument for the 
measurement of the global flux is suggested. A prelLm- 
inary survey indicates that the white g}"psum sand of 
the V.'hite Sands National Monument, N. Mex., may be the 
most suitable calibration target within the United 
States. If a suitable surface obseinration station could 
be established, another very attractive possibility is 
the Solar de Uj-uni, a large salt flat at an altitude 
of 12,000 feet in Bolivia. 
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Egbert, D.O. 1977. A Practical Method for Correcting Bidirectional 

Reflectance Variations. Symp. Proc. Mactiine Processing of Retnotely 
Sensed Data 178-189. 


The purpose of the investigation described here was to analyze angular 
bidirectional reflectance variations and test the hypothesis that first order 
variations could be described from a consideration of shadows created by 
surface perturbations. The results reported here demonstrate the validity 
of this approach, and while it is not suitable for calculating absolute spectral 
reflectance characteristics, the development of such a model was not the 
objective of the investigation since other models already exist for these 
calculations. Instead, a model was needed which can make relative angular 
corrections to bidirectional reflectance measurements independent of the 
details of surface geometry. The theoretical model derived in this investigation 
from an analysis of shadow formation is such a model. 
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Holben, B. N. and C. 0. Justice. 1979. Evaluation and Modeling of the Topo 
graphic Effect on the Spectral Response from Nadir Pointing Sensors. 
NASA Technical Memorandum 80305. NASA Goddard Space Flight Center, 
Greenbelt, Maryland 20771. 19 p. 


A field experiment using a hand-held radiometer was designed and conducted 
to assess a simple theoretical incidence model for simulating the topo- 
graphic effect of a uniform sand surface. Seven data sets were taken to compare 
effects of solar elevation and azimuth encountered at different times of 
year. Analysis of these data showe.’ considerable variation in radiance 
values for different slope angles and aspects and that these values varied 
considerably with changes in solar elevation and azimuth. 

A model to simulate Landsat sensor response was applied to two subsets of 
the field data to establish the magnitude of the topographic effect on 
satellite data. A range of 35 pixel values was obtained for the high solar 
elevation data subset, showing that a wide range of pixel values can be 
associated with one cover type due solely to variations in slope angle 
and aspect. 
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Horn, B. <. P. and Brett L. Bachman. 1978. Using Synthetic Images to 
Realster Real Images with Surface Models. Communications of the 
ACM 21(11)914. 


A number of image analysis (asks can benefit from 
registration of the image «^ith a model of the surface 
being imaged. Automatic na>igation using visible light 
or radar images requires exact aliqnmcni of such 
images «ith digital terrain models. In addition, 
automatic classification of terrain, using satellite 
imager}’, requires such alignment to deal correctly ^ith 
the effects of 'aiding sun angle and surfac* slope. Even 
inspection tec.H;iiqoes for certain industrial parts may 
' e improved b> this means. 

We achieve the required alignment by matching the 
real image with a svnthetic image obtained from a 
surface model ar.d known positions of the light sources. 
The synthetic image intensity is calculated using the 
reflectance map. a cunvenient waj ol dcscrilHiu; surface 
reflection as a function of surface gradient. We 
illustrate the technique using L.A.NDSAT images and 
digital terrain modcis. 

Key Words and Phrases; image registration, 
synthetic imajics. surface models, auioinaiic hill 
shading, digital terrain niudds. image transfurmation. 
image inatc.hing. shaded images 

CR Categories: 3.63. 3.1 1, 3.U. 8.2. 3.S3 


2.90 


Jackson, R. D. , R. J. Reginato, P. J. Pinter, Jr., and S. B. Idso. 1979. 
??anc Canopy Information Extraction from Composite Scene Reflectance 
of Row Crops. Accepted for Publication in Applied Optics . 


As an aid in the interpretation of remotely sensed data from row crops 
with incomplete canopies, a model was developed that allowed the calculation 
of the fractions of sunlit soil, shaded soil, sunlit vegetation, and shaded 
vegetation for each resolution element in a scan of a remote sensor for a given 
set of conditions (plant cover, plant heighr./width ratio, row spacing, row 
orientation, time of day, day of year, latitude, and size of resolution 
element). Using measured representative reflectances of the four surfaces, 
composite reflectances were calculated as a function of view angle. Also, 
representative temperatures for each surface were used to simulate composite 
temperatures viewed by an infrared scanner. With composite reflectances and 
temperatures known as a function of view angle, ways were explored to extract 
plant cover and plant temperature data from the composite data. 


Kauth, R.J. and G.S. Thomas. 1976. The Tasselled Cap--A Graphic 
Description of Spectral Temporal Development of Agricultural 
Crops as seen by Landsat. Proc. Symp. on June 29-July, 1976. 
Purdue University, West Lafayette, Indiana. Machine Processing 
of Remote Sensing Data. 


"ultlspectral sca.'r.er cata are potentially uaer'.J. Lr. a 
variety of rerxte ser.sl.ng applications, large-area s'or".'eys 
cf eart.^ resources carrlecl out oy autc.T,ateo reco5".ltlo.n 
prccessl.-.g cf t.^se Cata are particularly l-pcrtint. 

However, t.ne practical realloatlon of suc.n sur’/eys is 
llrltec by a variatl.Mty ir. t.ne sca.~r.er slir-a-^ -'s' results 
i.n Icprcper reccgultlon of t.ne bata. This paper ilicusses 
ways by wr.lc:. ecrc of ti'.ls -/anablllty ca.-. be rirr.oved from 
t.ne oata by preprocc';!- 'r.g wlt.h res'ultant Irprcvener.cs ir. 
reccgnltlm results. 
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Koepke, P. and K.T. Krlabel. 1978. Influence of Measured Reflection 
Properties of Vegetated Surfaces on Atmospheric Radiance and Its 
Polarization. AdpI. Optics 17(2); 260-264. 


mr .iMifcd valuM I'f th» *1111 iral liuJirn timiil ri-ni-ctioti runctii<n« of four •urf.i<« «. ih» in. 

n.ii :ivc I'f tSrir arf^ular .inirutro|)y uii iht upw.ird jn.-i duu nn.ird cm»rninK r.uli.int * .ind il* ;>u!.iii/.iiiun it 
ra'cul.iud. R> tfli-ant of a rtali«ti? model of theatmo«phfrt and »ith the .i«iutn|ition of r<jmpl«te!> d«|,nlar- 
irii'^ ryflrclion pruptrtirt of the turf.tctt, rrtulit are obtained In dependence of wavelenttb and solar /emth 
an^le. The angular tniiolropy infljcniet coiuidcrably the upward einer(ing r.iJiance. On the degree of 
pu'.inr Mi'in and un the dou award emerging radiance the aniiulropy hat nei(''id'le to tm.ill influenre Due • 
111 the angular tnirulrupy uf the reflect ion pru|Krtict the »pcetr.il nlhedo'^eircmU .trungle i,n the •• l.jf /emth 
angle. Thii influcn.es upw ard and duwiiw.ird r.adiance as well at iu degree i f piil.ari/atu'n. TV.ifcfurc. fur 
the inti rprer-.t ’en i.f r.ii!i.iti"n ir.c.a»ufrmcMl«. thu.e •peelr.il jllicdo v.'lues •lu.iiM 'i« u*i J u iiich euire^ii- nd 
III the re.|nn lice ••■'ar zenith angle. I’hit i« e»‘< ntial e^jiei i.illy .at lunger wav*li igth. '.al.ere vcge'.iied .ur- 
fai e< h.iae high iju ctral alludiM. 


Lambcck, P«ctr F, 1977. Signature Extension Preprocessing for Lindsat MSS Data. 
Final Report, NASA CR-ERIM 122700- 32-F. Environmental Research Institute 
of Michigan. 74 p. 


Currant signature extension preprocessing tecm ic^ucs which have been 
developed or Inveecigated at ERIM ara presantad. The discussion covers the 
underlying theory for the preprocessing, the development of haze correction 
algorithms (apeciflcally XSTAR and XBAR) , tha development of an automatic 
screening procedure to detect garbled data, clouds, snow, cloud shadows, 
and water in Landsat MSS data, results from tests of the preprocessing 
performance, soma analysts of soil color affects in Landsat data, and 
conclusions and recommendationa for future developments in preprocessing. 


Maina. W.A., R.H. Hieber, and J. E. Sarno. 1974. Analysis of Multi- 
spectral Signatures and Investigation of Multi -aspect Remote 
Sensing Techniques. ERIM 190100-27-T, Environmental Research 
Institute of Michigan. 112 p. 


Two major aspects of remote sensing with multispoctral scanners (MSS) arc in- 
vestigated- The first, multispcctrai signature analysis, includes the effects on clas- 
sification performance of systematic variations found in the average signals re- 
ceived from various ground covers as well as the prediction of these variations with 
theoretical models of physical processes. The foremost effects studied are those 
associ.ated with the time of day airborne MSS data are collected. Six data collection 
runs made over the same flight line in a period of five hours are .analyzed; it is found 
that the time span significantly affects classification perforrnance. Variations asso- 
ciated with scan angle also are studied. 

The second major topic of discussion is multi-aspect remote sensing, a new con- 
cept in remote sensing with scanners. Here, data are collected on multiple passes by 
a scanner that can be tilted to scan forward of the aircraft at different angles on 
different passes. The use of such spatially registered data to achieve Improved clas- 
sification of agricultural scenes is investigated and found promising. Also con- 
sidered are the possibilities o( e.xtracting from multi-aspect data, information on the 
condition of corn canopies and the stand characteristics of forests. 
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Ma111a, W.A., R.H. Hleber, and R.C. Cicone. 1975. Studies of Recog- 
nition with Multi temporal Remote Sensor Data. Final Report, 

ERIM 109600-19-F. Environmental Research Institute of Michigan, 
The University of Michigan, Ann Arbor, Michigan. 99 p. 


Characteristics of mulcitemporal data and their use in recognition processing 
vas investigated. Principal emphasis vas on satellite data collected by the 
nulcispectral scanner (MSS) and on cer.poral changes throughout a growing season. The 
notivation for the studies was LACIE . Since nultiter.poral LACIE data were not 
available for the study, CITARS data were used instead, with corn and soybeans as 
the najor crops and a stsall asiount of winter wheat. 

Three studies are reported. The. first is of the effects of spatial aisregis- 
tration on recognition performance with multltemporal data. A new capability to 
compute probabilities of detection and false alarm vas developed and used with simu- 
lated distributions for mlsregistered pixels . A two-tlae-perlod case was simulated 
in tnls Initial study. Wheat detection was found to be degraded and false alarms 
increased by misregistration effects. Recommendations are made for continued analysis 
of this problem in ^CIE applications . 

t 

The second study was of multitenporal signature characteristics and multi- 
temporal recognition processing and was made to gain insights into problems associated 
with this approach and possible improvements. Empirical and simulation studies of 
signatures showed SMbstantial variability within some cover classes. Recognition 
performance with one multitemporal data set did show marked improvements over results 
from single-time data, especially for crop proportion estimates for full sections of 
test data. Further investigations on LACIE data sets are recommended. Also 
recommended are measurements of wheat reflectance characteristics. 


Thirdly, time of day effects on nultlspectral recognition per- 
formance were studied In aircraft MSS data. Degradations associated 
with Che passage of tine were found to be substantial but largely 
correct.ible by signature adjustments based on average signals over 
Che scene. Corrections based only on theoretical sun-angle corrections 
were inferior. Incidental to the reported study, calculations shewed 
that Che thermal channel was preferred for single-time recognition. 
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Nalepka* R. F. and Jon D. Erickson. 1974. Investigation Related to 
Multlspectral Imaging Systems. Final Report, NASA CRERIM 190100 
46-F, Environmental Research Institute of Michigan. 188 p. 


Inis report contains A summary of technical progress made during a five- 
year research program directed toward the development of operational information 
systems based on multispectral sensing and the use of these systems in earth- 
resource survey applications. Efforts were undertaken during this program to; 

(I) Improve the basic understanding of the many facets of multispectral remote 
sensing, (2) develop methods for improving the accuracy of information generated 
by remote sensing systems, (3) improve the efficiency of data processing and in- 
formation extraction techniques to enhance the cost-effectiveness of remote sensing 
systems, (4) investigate additional problems having potential remote sensing solu- 
tions, and (S) apply the existing and developing technology for specific users and 
document and transfer that technology to the remote sensing community. 
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Ranson, K.J., J. Kramer, J, Kirchner, and O.A. Smith. 1978. Evaluation 
of Illumination and Terrain Geometry Effects on Spectral Response 
In Mountain Terrain. Final Report. Volume II. Rocky Mountain 
Forest and Range Experiment Station, U.S. Forest Service, Cooperative 
Agre«nent 16-7A1-CA. 84 p. 


An c.'.tonr, Ivc ntinl/sis of terrain gaotr.etric effects on the optical 
scattering properties of natural resource scene in mountainous terrain 
has been performed. Spectral reflectance measurements wore obtained 
for Icdijcpole pine, cir.us -ocutoi’fa, ponJerosa pine, Pinus vc':dc:'C3a, 
Russian olive, zl£:zcp :us grass species, sp. , 

and Bi'C’T^s sp. , and snow. Sensor platforms incluJed ground-based 
meesurenents using aerial tramu-ays, aircraft raJio-ctric observations , 
and satellite (Landsat) measurements. A wide range of effective view 
and source illumination angles were recorded for the various target/ 
sensor combinations. 


Regression analyses and photometric plots ■. ;re ~-.de from the data 
in order to test the Lambertian assumption for the various material 
types. In addition a process-oriented radiative transfer m.odel was 
applied to the data. This model was also used to evaluate initial 
effects of background topographic variations. 

Results of this study indicate that, particularly in the 
chlorophyll absorption band all materials exhibit non-Lambert ian 
behavior for effective ^nith sensor or source angles greater than 
60 degrees, but that for effective angles less than 40 degrees, the 
Lambertian assumption may be valid. For stable atmospheric conditions 
and constant phase angle the Minnaert relationship may be applied to 


•V' 
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quantify scan« radiance properties. The canopy ref lectance' raodel was 
found CO follow Che general trends of the field oeasuremencs but over- 
escinaces infrared response. In order to adequately aodel topographic 
influences or spectral response* canopy density variations nust be 
included. 


Smith, J.A. and R.E. Oliver. 1974. Effects of Changing Canopy Directional 
Reflectance on Feature Selection. Appl. Optics 13(7): 1599-1604. 


A Menu Carlo model wai u.«ed to predict .hr mean apparent directional reflectance of a simulated plant 
canopy and the covariance for seven wavelength channels in the visible portion of the spectrum. The 
non-Lambertian spectral response from Bouteloua t'^cUis canopies possessing two plant cover densities 
was simulated for two solar positions. The calculated spectral signatures as a function of look angle were 
then analysed using the divergence criteria to select the best two wavelength channels for discrimination. 
These calculations indicate that different combinations of wavelength channels are appropriate for vari- 
ous sensor look angles, that target signatures have greater statistical separation for some scan angles 
than 0, hers, and that these effects are time varying. 
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Struve, H., W.E. Grabau, and H.W. West. 1977. Acquisition of Terrain 
Information using LANDSAT Multlspectral Data. Report 1. Correction 
of LANDSAT Multlspectral Data for Extrinsic Effects. Technical 
Report M-77-2. Mobility and Environmental Systems Laboratory, 

U.S. Anny Engineer Waterways Experiment Station, Vicksburg, MS. 50 p. 


This report provides sn analyticail capability for correcting the 
spectral data, as received by Landsat, to radiance values at ground level. 
Variations in the radiance valves as influenced by ataospheric effects, 
terrain geometry, and shadows are coupled together to fora a single equation 
that converts the radiance values of images obtained at different times to 
a common datum. 
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IV. BIDIRECTIONAL REFIECTANCE - DEFINITIONS 


7 references 
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Judd, D.B. 1967. Terms, Definitions, and Symbols In Reflec tome try. 
Journal of the Optical Society of America 57{4):445-452 


A 11^ !.ir c'iii'lilii‘1'* Ilf iiirlili lift c ilcMri!^tl :is lii f n nf.il, C'‘i:’i*. il, or ilirictiuiutl ; tliC •airi’ ailji f ; i\ ct 
•ifw utul lo til ‘1 1 Hu; tl>c ain;ii!ai of co’li-ction. This c).i>siric.itii'ii uf annular cor.diiiuni li ad.. !o nine 

Uti Jt jf I tdiclancc; >) iuIhiU for them arc proposeti in I'hlch 2r, aiul 9e, refer lo himisphcrir.il, c i ucal, 
■iml i1iiiCiiiiii.il inciiliiice, 2r. f', .iml «, ..prefer to the coffcspontlinn kinds of collection. I' sc uf the per- 
fi-cily isfii'iiin inirnir .mil of the perficlly reflecting ililTuscr at reference standards in refliCli nn try is 
di'Cii.nil. Il'.ric Ilf the nine reflectance r.itios, specimen to perfect dilTuscr, in nhirh the Cnlhctii-n is di- 
reelie/n.il h.i'C .die.ule liieii named r.-.P.iiicc Pumlnancc] factor It is proposed to dtffen ntiatc them liy 
.1 gvdar ciiii.liti<'ii »f incidence ft is aho [.riiposcd to name the other six ratlus: refl«c;aiicc factor <iii.illf.iil hy 
the same a.ljeeiixes ideiitifiing the Ijiic of iitcidente and collection as arc used for reflectance The Inter* 
relaiioii'hips <>f these IS Cni'Cepts arc shoien Soth by formulas for computing <mc from another and by 
diagranii in.'ii iting the process (integration, summation, avcr.aging, erjuality, reflectance of |>iifeci diflu»cr. 
and reeipris'ity ) hy uhich \alucs of one concept may lic computed from those of another. 


Kasten, F., and Raschke, E. 
nology by analogy with 


(1974), Reflection and transmission terml- 
scatterlng, Appl. Opt. 13, 460. 


ORIGINAL PAGE IS 
OP POOR QUALITV 
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Nicodemus, F.E. 1964. Directional Reflectance and Emissivity of an 
Opaque Surface. Technical memo. Rept. No. EDL-G266. Sylvania 
Electronic Systens-West Mountain View Calif. Electronic Defense 
Labs. 29 p. 


Abstract: Conc*ots, teminotosy . •f'O Sy<«oo's art oresented for 
specifyirig aro relating o>rectiO''ai variations in refltetance 
and •■f'lsiivity of an opaoua Surface #l#weni. Tnair 
ra 1 at i C'sn i 0 to more familiar concepts, including tnose of 
oerfectiy Ciffuse ana soecuiar reflectance, is given, and tney 
are apoiicd to illustrative examples. It is snown tnat. unen 
tne usual reciprocity reiationsnip nolds. tne reflectance for 
a ray incicent on an casque surface element is related Dy 
Kirennoff's s.a« to tne emissivity of tnat element for a ray 
emittea along tne same line in tne opposite sense. (Autnor) 


NIcodemuSt F. E. 1970. Reflectance Nomenclature and Directional 
Reflectance and Emissivity. Appl. Optics 9 (6) :1474-1475. 


Nicodemus, F. E. 1976. Comment on 'Current definitions of Reflectance'. 
J. Opt. Soc. Am. 66(3):283-5. 


In their recent paper» Spencer and Gaston (See Ibid., Vol. 65, P. 1129 (1975)) 
based their conclusions regarding one of the definitions on limitations which 
do not In fact exist. The delta- function form of the bidirectional reflectance- 
distribution unction (BRDF) can represent a "glint" In any direction and Is 
not limited only to the case where theta/sub v/*theta/sub 1/ and PSI/sub v/*PSI/ 
sub/I +or-PI(RAD). The conceptual advantage of a completely general BRDF Is 
considered in relation to the whole continuum of directional distributions 
which occur between the two extremes of only specular "spikes" and totally 
diffuse reflection (6 Refs). 
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Nlcodemus, 

1977. 

Natl. 


F.E., J.C. Richmond, J.J. Halt, I.W. Ginsberg, and T. Limperls. 
Geometrical Corsldaratlons and Nomenclature for Reflectance. 
Bur. Stand. Monogr. No. 160. pp. 1*52. 


A unifiJO aooroacrt to t^* soeci f icat ion of l»ct«nct. in 
terns of ootn instoent- end rtf 1 ected-oea.n peometry, n 
presented. Nontncuiure to fjctHtete t^is 8 o 0 ''o«cn is 
proposed.' Unaer i3tc<fitd conditions $£*•> OASiiS mclwomp 
uniform i-r*aiHnce, 3 .nifon,?. isotropic, pline surface, an.t 
el l‘jv\once' for edpt #*fects oue to suo-surfece kcetieriiip i'iM 
OAShS tn» geo’i'et r 1 c * I reflect ins properties of a re fleet nig 
surface a**e retoiiy character i sea or specified in terms of tne 
bidirectional r#f l ectance-di str lOut ion function (EHOF). Tna 
SliOf is a' d«r ivfit i ve, a distribution function. r«lating tne 
irrsdianeb incident' from on# given dirtction to its 
contribution to’ tne rtflected radiance m anoiner oirecticn. 
Nomtnc 1 attire (Conccots. terms. symbols. and units) for* 
catbgor i I'i ng and specifying reflectance Quantities for a 
var'iety of different bear conf igurationa (ootn incident and 
re f'l acted beams; is cesc-ioed. and all are defined and 
interrelated in terms of tr# BROf. 38 refs. 


Self-study Manual on Optical Radiation Measurements. Part 1 - Concepts* 
Chapters 4 and 5. F.E. Nlcodemus, Editor. NBS Technical Note 
910-2, U.S. Dept, of Commerce/Natlonal Bureau of Standards. 105 p. 
1978. 


2J.0 3 



BIDIRECTIONAL REFLECTANCE STUDIES 


LITERATURE REVIEW 


2.7 SYNTHESIS 
OCTOBER, 1979 


Mr. K. J. Ranson. 
Consultants 
ORI. Inc. 

Silver Spring, MO 23910 


2.104 


I. INTRODUCTION 

II. THEORY AND MODELS 

A. RADIATIVE TRANSFER THEORY 

B. THE SUITS MODEL 

C. THE SMITH AND OLIVER SRVC MODEL 
0. OTHER EFFORTS 

III. MEASUREMENT AND THE BRDF FUNCTION 

A. DEFINITIONS 
3. REFERENCE TO APPENDIX 

IV. SUMMARY AND RECOMMENDATIONS 
REFERENCES 
APPENDICES 

A. Source and View Angle Effects on Reflectance 

B. Phase Angle Effects on Polarization 

C. Applications of Ratio Techniques 

D. Angular Considerations for Enhancing Classification 


2.105 



I. INTRODUCTION 


This is the second part of a two part literature review of bi- 
directional reflectance studies relevant to the Multispectral Resource 
Sampler, the MRS. Part I contains an annotated bibliography of the 
actual references reviewed and a brief discussion of the general theme 
of the ♦•eferences. The material was subdivided into a discussion of: 

1) Theory and Models; 2) Measurements - further broken down into lab- 
oratory, field, and platform; 3) Applications and Techniques, and; 

4) Definitions. The purpose of this report. Part II, is to provide a 
narrative commentary or synthesis of our current knowledge base as 
evidenced from the literature review. 

The theoretical base for predicting scene bidirectional reflectance 
behavior for a variety of earth surface features resides in the radia- 
tive transfer equations. During the past 70 years significant advances 
have been made by both astrophysicists and atmospheric scientists in 
ar^’ying, modifying, and experimenting with solution techniques for these 
equations. These studies have been concerned with steller or planetary 
atmospheres, including the earth's atmosphere. There has been treir.endous 
diversity and ingenuity evidenced by the various investigations in adapting 
radiative transfer techniques to various specialized cases. In contrast, 
when one searches for a similar breadth of activities which focuses on 
the application of radiative transfer theory to the study of such earth 
features as forest canopies and crops, there is almost an embarrassing 
lack of activity. Probably, this is a recognition of the difficulty 
of specifying the appropriate phase function in both a sufficient and 
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tractable manner and further, performing the necessary measurements to 
determine the phase function. That is, in addition to the difficult 
mathematical problem of solving systems of non-linear integro-differential 
equations, there is a physics or biological problem of characterizing 
phase functions for individual trees, groups of trees, and so forth which 

themselves are of distributions of such scattering elements as 

needles, twigs, understory and so forth. There is then the additional 
problem of performing the actual measurements required to characterize 
the geometric and optical properties of the scatterers. Traditional fielu 
methods for doing this are totally inappropriate and time consuming. 

Thus, there is a wealth of material developed by atmospheric scientists 
and others which can be drawn upon to assist us in solving the mathematical 
radiative transfer problem for earth surface features. However, the 
problem of determining the appropriate phase functions seems to have 
discouraged most investigators from pursuing the problem further. 

The models that have been developed fall into two categories. These 
I will term subcomponent models or canopy or scene models. Subcomponent 
models have been applied to individual leaves, or collections of mineral 
surfaces. These models are generally either patterned after stacked 
plates or Kubelka-Munk approaches. Ray-tracing techniques have also 
been applied. Two major efforts have been made at developing canopy 
or scene reflectance models. These are the Suits n.odel (1972) and the 
SRVC model of Smith and Oliver (1972). The bulk of Section II is con- 
cerned with an overview of these two m.odels particularly from the per- 
spective of radiative transfer theory. Both models apply to homogeneous 
plane-parallel media. The models, while useful in themselves, are really 
only first steps in a development of a broader theoretical base for 
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predicting scene reflectance. The models were developed in 1972; there 
has been extensive application of the models to various situations, 
particularly agriculture. Sunni k and co-workers (1974) being the most 
aggressive. However, there remains the nagging question of why there 
hasn't been an onslaught of other modeling approaches in the ensuing 
eight years. Section II concludes a few comments on other modeling 
efforts. 

As noted in the Literature Review, Part I, there are numerous 
measurements of the directional reflectance properties of natural ma- 
terials. However, considerable confusion and variability arises in the 
interpretation of the measurements and in the techniques used to obtain 
them. Except in very general terms, we find it difficult to accurately 
synthesize the various measurements as a whole. Consequently, we decided 
to beg the question a bit. What we include in Section III is a description 
of definitions appropriate to the various experiments. We then refer 
to a fairly large Appendix which contains approximately 45 figures 
which have been gleaned from the literature to illustrate the experimen- 
tal trends. These supporting figures have been broken dov^n into source 
and view angle effects, phase angle effects on polarization, application 
of ratio techniques, and angular considerations for enhancing classifi- 
cation. For each group of figures we have been careful to include a 
brief summary paragraph of the investigator's results and indicate the 
type of reflectance measurement reported. 

Finally Section IV concludes with a brief list of reccrrendations 
for future research appropriate to developing bidirectional reflectance 
characterization of scenes. 
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II. THEORY AND MODELS 


As was Indicated in the Literature Review, Part I, of this report 
series there are currently two major optical reflectance models which 
appear to be relevant to the MRS. These are the Suits model (1972) and 
the SRi/C model of Smith and Oliver (1972). The purpose of this section 
is to give a perspective of the significance and limitations of these two 
approaches and identify key unsolved problems where further work is 
required. A brief overview discussion of radiative transfer theory is 
first given in order to set the context within which the Smith and 
Suits models were developed. Next the specific fonr.ulation of the Suits 
model is given, followed by a discussion of the important properties of 
the SRVC approach. Finally, a discussion of related model efforts is 
given. 


. '■■'lATlVE TRANSFER THEORY 

Radiative transfer theory is concerned with the quantitative de- 
scription of the transfer of radiant energy through media which absorb, 
scatter, or emit radiant energy. It is primarily a macroscopic analysis 
of the interaction of radiant energy with matter in that it describes 
the observed phenomena of light scattering, absorption, and polarization 
effects but without regard to classical electromagnetic theory. Rather, 
bulk properties of the media, such as a volume scatter coefficient (e.g., 
the phase function) are defined. The media can either be thought of as 
a continuum or as a collection of discrete scatterers. The theory 
assumes that the individual scatterers behave incoherently; thus. 
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diffraction effects are not included. The formulation of the radiative 
transfer equations is deceptively simple. The basic starting point is 
essentially the principle of energy conservation. 

Consider an arbitrarily bounded medium and focus on the steady-state, 
monochromatic radiance along any path ds. The change in radiance along 
this path is the difference between that attenuated (absorbed or scat- 
tered) out of the beam and the intensity scattered into the beam. Let 
the incident beam of cross section dA be along the direction defined by 
0, 0. If n is the number density of scatterers in the volume element 
under consideration; a the scattering or absorption along ds , then: 


ds 


where: 

I(S;0,p) = the radiance at s in the direction s, p. 

= the radiance at s scattered into the beam from all 
directions. 

The probability that radiance at s in a direction G' , p' will be 
scattered into a solid angle about 0,P is given by the phase function, 
P(S: 3, p; 0', p'). Thus, J is given by integrating the total intensity 
field along all directions (paths) by the phase function. 
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where the symbol ’p = cos 8 has been introduced. 

In order to include polarization effects, these expressions must 
be modified to include a vector radiance function, I, with four components 
corresponding to the Stokes parameters, and a phase matrix. Polarization 
effects may be important for some classes of materials, e.g., vegetation 
canopies with waxy leaves, e.g., pine needles, rhododendron, holly, 
often produce a strong specular reflection or glare. If this glare is 
polarized, then polarization filters, such as proposed on the MRS could 
act to reduce this source of noise. Conversely, as Egan, et (1968, 
suggest, discrimination potential may exist in the asymmetric depolari- 
zation effects as a function of view angle. However, current existing 
canopy models ignore polarization and it will not be 

discussed further. 

The general solution to the integro-differential equation (1) nay 
formally be given by: 

, - T(s.u) 

= I (Soj *2 

rS .msO , (3) 

+ \ n (sj u, 4) e Js 

-'So 

where: 

n is 

•'So 
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However, this solution for I along one path, s, depends on integra- 
ting J which itself is an integral of the intensity, I, over all pos- 
sible paths, s'. Thus, in reality, the general radiative transfer 
problem reduces to the problem of solving an infinite set of coupled 
integro-differential equations. 

For an arbitrarily bounded medium with phase functions which 
themselves can vary with position within the medium, e.g., as in a row 
crop, this is not a trivial problem. In fact, there is no known solu- 
tion. 

Alternatively, simpler problems must be formulated by imposing 
various abstractions on the medium. These abstractions may include the 
shape or boundary of the medium and the form of the phase functions. 

The phase functions, in turn, depend upon the optical scattering proper- 
ties of the elements within the medium and on geometrical factors. Both 
Smith and Suits initially approach the problem by assuming multi-layered 
homogeneous plane-parallel media for vegetative canopies (the infinite 
plane- terrain models referred to in the Literature Review, Part I). 

For the special case of plane-parallel media, the radiative transfer 
equations may be re-expressed as (Chandrasekhar, 1960): 
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where: 


z ~ vertical direction 
T » optical depth 
J = source function 


dz * yds 

dt » -adz 

and ^ ^ ^ 

0 


Similarly, equation (3) becomes: 


f'^Y/ , ^ 


(3') 


Basically, this equation states that the upwelling (downwelling) 
radiance at optical depth, t , is a result of the upwelling (downwelling) 
attenuated radiance at plus that scattered into the beam along the 
path between t and t^. 

Again, it should be noted that the source function depends upon 
the total radiance field along all paths. 



^ ?(s: 


The plane-parallel case is much more tractable, particularly , for 
selected choices of the phase function. One approach, utilized by Suits, 
makes an initial guess for the total radiance field, I, by first factoring 
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I into an upwelling (+Z) completely diffuse field, a completely down- 
welling (-Z) diffuse field, and an attentuated downwelling specular 
field. This three-stream approximation to the radiance field is ob- 
tained by solving the resulting simplified radiative transfer equations 
(!'), which in fact are the Duntley equations (an expansion of the 
Kubelka-Murk equations). Given an initial guess for I, the source 
function,^, may be calculated from (2'), and subsequently, an updated 
estimate of I along a particular direction made be determined from 
equation (3'). In principle, iteration should generate a solution to 
any desired degree of accuracy. In practice. Suits stops at the first 
iteration. Smith makes a direct attack on the numerical solution of 
equation (3'), using a random walk procedure. 

A second general approach which has proved useful in solving the 
radiative transfer problem for plane-parallel media is the method of 
invariant embedding. Essentially, this approach uses several invariance 
principles ennunciated by Chandrasekhar to derive expressions for the 
total canopy bidirectional scattering (reflectance) and transmission 
functions, the S and T, parameters introduced by Chandrasekhar. 

The essence of the contributions of both Suits and Smith and Oliver, 
lie in their application of these techniques to multi-layered canopies 
and in relating the phase functions to biological parameters which can 
be measured in the field. There are some key differences in the two 
implementations which will become apparent in the following discussion. 

It should also be noted that both methods need to be extended in order 
to apply them to what Holmes (1974) has called structured earth scenes, 
i.e., heterogeneous mixtures. 
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3. THE SUITS MODEL 

The following discussion is an analysis of a "one layer" Suits 
model in the context of the general radiative transfer equations (T) 
through (3'). This approach is not, in fact, the way Suits cast his 
original developme.it. However, it should be useful in linking his an- 
alytical and physical reasoning of canopy radiation interactions to the 
broader mainstream of radiative transfer theory. A similar discussion 
of the SRVC model will be given in the next section. It should be noted 
that Smith and Oliver also did not initiate their analysis with the 
radiative transfer equations. Extension of these discussions to the 
multilayered, multicomponent case involve further complications which are 
best reviewed in the author's original papers. 

Consider a canopy with total optical depth, layer thickness 2^, 
and irradiated by specular (solar) flux at plane-parallel 

homogeneous canopy consists of Lambertian scatters with component re- 
flectance, r , and component transmittance, x . The background soil 
c c 

reflectance is r^. We seek to determine 1(0; + u, ^) , v/here (u,t) is 
the view angle. This is the radiance, L, of the canopy for this view 
angle. Ratioing this value to the solar irradiance, 1(0; would 

be a measure of the canopy bidirectional reflectance value for this 
pair of source and view angles. 

Equation (3') becomes: 
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The first term of this expression is simply the radiance from the soil 
surface attenuated through the canopy. As mentioned earlier, the dif- 
ficulty with the second term is the fact that the source tern under the 
integral depends on the total radiance field at all levels within the 
canopy. However, if we initially assume that the canopy is totally 
and uniformly diffusing, that is, when incident radiation interacts with 
a canopy element, it is converted totally to diffuse flux, ;ve can re- 
place the total radiance field by the sum of three components. These 
are downward specular flux, downward diffuse flux, and upward diffuse 
flux. 

X(t, 1- f 


Using this as an initial guess in the source integral (2‘), we can 
improve our estimates by iteration. This aoproximation corresponds to 
the Duntley approach to calculating the flux, E(+d,z), E(-d,z), and E(s,z). 
Note that 

E r TTL - rr X 

V 

The Duntley equations are given by: 


j E(4 

if Hi) 

At 

At 


— 4 E(+i, 2 ) + t£(”i)2) + 


C ^ t (Sf"^ 


(7) 
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where the coefficients were related under suitable assumptions by Suits 
to canopy geometric concepts. For example, 

r **1 

u - ^ ^ " ^c.*) n L* ^ ■ j 

where n is the number of scatterers per unit volume, and and are 
the average cross sections of horizontal and vertical projections re- 
spectively. Equation (7) may be solved for £, equation (6), and sub- 
sequently for I, equation (5). What remains to be determined in order 
to solve for the source terms, equation (2‘) is the phase function. 

Suits approximates this quantity by separately calculating phase ^unctions 
for each of the three radiance terms in equation (5). Canopy geometric 
terms and the component optical properties are utilized, ^or example, 
the first phase function is given by: 

4. «v o; a- (r) ^ 

Central to the development of the Ountley coefficients and the 
ohase functions Is the abstraction of the canooy vegetation elements into 
horizontal and vertical scattering projections. 

The final expression for the initial iteration of the surface 
radiance is given by the rather formidable expression: 

4 - [See 


2.117 


(TJ^ Tt t ®v ~5 — ^TT I (-d/*) 

+-[n^'^ Tti <■ 

X (Sf^ ^ d 3- 

u>We^^ ^ 

These expressions may be integrated in closed form leading tc easily 
implemented computer code. A strong advantage of the Suits ■'.oael is 
the relative ease in performing a large number of simulations for various 
combinations of viewing and illumination geometry, canopy structure 
parameters, and optical properties of the canepy. In general, good 
agreement between the model and field experiments has been reported. 

A potential drawback in the structure of tne model is the assurprian 
of horizontal and vertical canopy projections. 

C. the smith and OLIVER SRVC MODEL 

The SRVC model treat' the canopy as a stratified, thr^e-layered 
vegetation ensemble of foliage elements suoerir, posed on a reflecting 
background. Multiple scattering interactions witnin the volur,e elements 
of the layers are controlled by the geometry and optical prcDcrties cf 
the individual scatterers. Foliage elements generate multiple dif”use 
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sources. Each layer can contain up to two types of vegetation elements, 
which are assumed to be Lambertian scatterers. A key difference from 
the Suits model that is introduced by the SRVC approach is the utiliza- 
tion of the angular distribution and density of the scatterers, the 
foliage elements, to calculate the phase function that is utilized in 
Equation (2'). A second difference is that a direct solution of 
Equation (3‘ ) is instituted. That is, the flux within the canopy is 
allowed to propagate in discretized o' directions rather than only 
an upwelling and downwelling vertical direction. 

The main feature of the model which allows for this generality is 
the calculation of the layer phase fuj.ctions from the angular distribu- 
tion of the foliage elements and the reflectance and transmission proper- 
ties of these elements with respect to the discretized o' source 
directions. A foliage element inclined at an arbitrary orientation with 
respect to a source direction permits according to the Lambertian 
response, the scattering by transmission and reflection of the incicent 
flux to upper and lower hemispherical sectors. For each foliage in- 
clination angle represented in the canopy a set of integration li;uits 
on the scattered radiation from a scatterer is defined. For a given 
layer the distribution of flux is then weighted by the frequency distri- 
bution of foliage inclinations occurring within the layer. 

The model initiates an iterative sclution o' Equation (3‘) by 
using the zeroth order flux above the canopy to generate via the pn*se 
function of the first layer the estimated flux in layer one. The estimate 
flux in layer one is then used together with the phase function for layer 
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two to calculate the estimated flux in layer two and so forth. Sub- 
sequently, reflection from the soil boundary generates upward moving flux, 
again in a set of discretized e', 4 >' directions. Processing is continued 
until all flux levels within layers reach equilibrium values. 

The current version of the SRVC model is a Monte Carlo implementa- 
tion of the above processes. Statistical distributions may be defined 
for the foliage geometry and optical scattering properties. A major 
difficulty of the current implementation of the SRVC model is the pooling 
of the outgoing radiance into theta directions only. That is, outgoing 
azimuthal directions are averaged. It should be noted, however, that 
incoming source azimuth directions are included. The SRVC model requires 
considerable computing time for the Monte Carlo analysis of a canopy. 

In princiole, however, the SRVC approach is an accurate representa- 
tion of the radiative transfer processes occurring within a plane- 
parallel medium. A deterministic version of the model that included 
outgoing azimuthal dependence would greatly enhance the utility of the 
SRVC approach. 

D. OTHER MODELING EFFORTS 

It is obvious from the discussions in Sections B and C that the 
most serious difficulty in both of the models discussed is the question 
of their applicability to targets which possess horizontal spatial 
variations, e.g., row crops. 

One major effort to develop a model applicable to this case is the 
work reported by Verhoef and Bunnik (1976). Basically, the authors 
attempted to extend the Suits model to the row structure case by assuming 
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1 . 


The canopy components are packed in rows with a rectangular 
cross-section of fixed dimensions. 

2 . Between rows there is open space only. 

3. Within rows a random arrangement of leaves exists. 

A detailed geometric analysis of the canopy phase function relative 
*0 di rect solar flux and canopy row structure is undertaken. Shading is 
allowed. However, the approximation is made that diffuse flux can be 
treated as in the Suits model, i.e., plane parallel media. For both 
direct and diffuse flux, an appropriate view probability function is 
developed that is consistent with the row structure. The soil contribution 
is also carefully developed considering the row structure but leads to 
discontinuous contributions of this component to canopy reflectance. 

The row model still incorporates the assumption of vertical and 
horizontal canopy projections. In evaluating the model the authors 
describe the treatment of the leaf angle distribution as a potential 
difficulty. The authors further describe the assumption of Lambertian 
scatterers (i.e., non-specular) as a second difficulty. The row model 
predicts angular dependency relative to viewing azimuth from plane 
parallel media models. 

Another recent and intriguing effort at developing reflectance 
models for non-random canopies is briefly described by Welles and Nonr^in 
(1979). Detailed descriptions and evaluation of this model are not 
yet available. Briefly, the model considers a canopy to consist of 
a finite number of regularly-spaced ellipsoids. Within each ellipsoid, 
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the foliage is randomly located but possesses a foliage angle distribu- 
tion. EcCh foliage element is represented by a flat plate. In fact, 
th ellipsoids appear to be similar to the canopies of the 3RVC approach. 

Each point in the finite array of ellipsoids is transformed to an 
equivalent plane parallel media canopy by choosing a depth in the plant 
parallel canopy that has the same diffuse penetration probability con- 
sidering both upward and downwelling radiative flux. Processing is 
continued until all of the ellipsoid array points have been processed, 
Norman's track record is good and the model, when published, should 
provide valuable insights. 

Jackson, ^ (1980) describe another example of a row model 

based on a geometric analysis of the row structure. 

As mentioned in the Literature Review, Part I, Egbert (1977) 
describes a novel analysis of canopy reflectance based on shadows. 
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III. MEASUREMENTS m THE BRDF FUNCTION 


A. DEFINITIONS 


The bidirectional reflectance distribution function,/^, is defined 

by the following fundamental equation for the radiance at a point of 

observation, arising from irradiance distributed over a set of 

r r 

incidence angles, 6., : 




Thus, the BRDF,^, which has units of sr’\ describes 


of irradiance from source direction 6^., into the view direction 
In reality, measurements are taken over finite solid angles 
If, for example, the source is also distributed over a finite solid angle. 


Hj, then; 




J- ini' ©o4>r)£a:) ».• d4; 




Measurement of Llr.i.i'y.) ratioed to the response from a Lambertian 
Barium Sulfate panel would be termed the bidirectional reflectance 
factor, a dimensionless quantity. (More specifically, it would be the 
conical-conical or biconical reflectance factor referring to the conical 
viewing and illumination geometry). While the reflectance factor must 
always be less than or equal to 1, the BROF may assume very large 
values. For specular reflection, for example, it is represented by a 
Dirac delta function. Probably, the most con-M-non field measurement o^ 
reflectance is a measurement of the hemispherical -conical reflectance 
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factor (or perhaps the hemi spheri cal -di recti onal ) referring to the 
restricted viev; geometry but the integration of irradiance over a 
hemisphere. In fact, as is evident from the literature review, many 
investigators believe they are measuring the bidirectional or biconical 
reflectance factor in this case. However, this approximation is valid 
only when the direct solar irradiance strongly dominates and diffuse 
irradiance is negligible. For clear days, this is generally valid near 
solar noon, perhaps, for solar zenith angles less than 40 degrees. If 
target materials were Lambertian reflectors, the fact that the radiance 
in one direction is dependent upon contributions of the irradiance from 
all possible directions of the hemisphere would present no difficulty. 
However, it is precisely the deviation from Lambertian scattering which 
is often of major interest. 

Kriebel (1977) has attempted inverting the integral radiance equation 
to derive the BRDF. An alternative method of correcting for the diffuse 
irradiance field was tried by Bauer, et (1977). Measurements of both 
the target and reference panel were obtained under total illumination and 
in a shaded conditions. The investigators rejected the technique as 
compared to the standard method of ratioinq the target radiance to the 
total irradiance. However, all target reflectances were obtained for a 
nadir view angle and restricted sun angles. 

Other definitions of bidirectional reflectance are evident in the 
literature. Salomonson and Marlatt (1971) define the term, to be the ratio 
of the radiance measured by the sensor to the effective solar irradiance 
E* on a Lambertian surface of unit reflectivity at the top of the 
atmosphere. Integration of this function over all angles of exitance 
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is defined by these authors as the directional reflectance. Thus, the term 
refers to the ratio of the total reflected flux to that incident at a 
particular solar zenith angle. Just the opposite convention is used by 
Coulson, et al_. (1965) and Oliver, et (1975) who reserve the term 
to what is really the hemispherical -conical reflectance factor. When the 
radiance measurements are integrated over broad portions of the spectrum, 
the term albedo is commonly employed. 

B. REFERENCE TO APPENDIX 

It is evident from the literature review that earth surface features 
exhibit anisotropy in their reflected radiation patterns, particularly 
at large zenith view and illumination angles. Polarization effects may 
be present. Some success with channel ratio techniques for normalizing 
these effects has been observed. Limited research has been performed 
relative to the utilization of off-angle measurements for improving class- 
ification performance. However, it is predicted that measurements at 
zero phase angle will be sensitive to leaf color, measurements at approx- 
imately 50 degrees zenith - view angle will be independent of canopy 
architecture, and m.easurements at approximately 55 degrees zenith view 
angle may be most sensitive to Leaf-Area-Index changes. The Literature 
Review, Part I, referenced many of the important papers supporting the 
general observations above. What is included in the Appendix to this 
report is a collection of approximately 45 figures and tables which 
illustrate the magnitude of these observed effects. Each group of figures 
is preceded by a short discussion of the author's main conclusions. 
Particular care has been executed to include a reference to the type of 
reflectance measurement made as discussed in the preceding section. 
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The Appendix has been organized into four sections to give examples 
of: A) Source and View Angle Effects on Reflectance; E) Phase Angie 
Effects on Polarization; C) Applications of Ratio Techniques* and; 

0) Angular Considerations for Enhancing Classification. 


IV. SUMMARY AND RECOfWENDATIONS 


« 

Any sensory system such as the MRS Is a record of the radiance 
emanating from the scene in passing through a turbid medium, the atmo- 
sphere. The radiance may be recorded as a function of wave length; 
polarization characteristics may also be measured. These measurements 
may be obtained for a given view and illumination geometry or they may 
be obtained temporally either on a short tin» frame or a longer phonol- 
ogical time scale. The MRS offers several additional dimensions to 
radiance measurement capability in that subportions of a large scene may 
be sampled. This sampling may be done for a variety of measurement 
geometries and the temporal sampling frequency is greatly increased over 
previous systems. 

Probably the most popular data analysis and information extraction 
procedures that will be utilized with MRS data will be the mapping of 
scene elements, based on their radiance measurements, into desired in- 
formational classes using the classical techniques of pattern recognition. 
In addition, particularly in the agricultural arena, the direct mapping 
of such agronomic variables as Leaf-Area- Index will be attempted through 
the establishment of correlations between the desired variables and 
radiance transformation of the radiance such as ratios. These techniques 
should prove useful, particularly if ancillary information is incorporated, 
as they have in earlier satellite platforms. However, some difficulties 
may arise from the variability induced by differing view and illumination 
geometries. 
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A second analysis approach may also prove useful in the extraction 
of information from MRS data. Indeed, the MRS may offer a useful platform 
for evaluating such techniques. This approach may be termed the 'ndirect 
sensing of scene parameters based on understanding (models) of the physical 
radiative Interactions with biological elements. This approach is akin 
to some of the standard techniques employed by atmospheric scientists 
in the deduction of the aerosol or temperature profiles of the atmosphere 
from the integrcted radiance from a medium. 

To fully apply either of these broad information extraction approaches 
one should have an understanding of the bidirectional surface reflectance 
function. It is evident from the literature review that significant 
strides have been made by numerous investigators in obtaining indicative 
field measurements. Model development has also been initiated. The 
work which has been done and which is ongoing in the research community 
suggests several specific research questions which are relevant to the 
MRS concept. It appears that a carefully planned and directed field 
measurement program should be implemented for selected earth surface 
features. A main objective of such an effort would be to insure that 
adequate supporting field measurements are available to both validate and 
extend modeling efforts. For this combined approach of modeling and field 
experiments it would probably be wise to do a few things well rather than 
many things poorly. Thus, priorities should be established for the kinds 
of targets to be investigated. These priorities should consider both 
scientific and national goals. Such an effort that is concerned primarily 
with radiative transfer characteristics of the scene-atmosphere system 
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as It Is relevant to the MRS concept should also of course, be useful to 
other research experiments suggested by application or discipline sci- 
entists. 


Within this context the following five example candidate research 
tasks are suggested: 

1. Establish a high quality field data base approoriate to 
scene modeling efforts at both the canopy and subcomponent 
level. In order to accomplish this task reliable procedures 
must be developed for measuring the bidirectional reflectance 
distribution function for target materials. Such techniques 
may need to consider the total directional irradiance field, 
not just the solar component. Consequently, the referencing of 
target radiance to a barium sulfate panel may not always be 
appropriate. Even high quality radiance data by itself is of 
limited utility without supporting descriptors of the scene. 

In this regard the various subcomponent and canopy models 
should prove useful in indicating the required field parameters. 

2. Initiate a comprehensive attack on the canopy-level target nwdel- 
ing problem. This effort should include review of standard and 
recent radiative transfer theory from the mainstream of atmo- 
spheric science and developments in neutron transport theory. 

Such a review should prove valuable in providing potential 
non-atmospheric science investigators with a background in 
available numerical solution techniques for the "mathematical" 
part of the radiative transfer problem. Once investigators 

have formulated the "physics" of the problem, i.e., various ways of 
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parameterizing phase functions for surface targets, this review 
may also assist them In determining whether their abstraction 
Is similar to the "classical" cannonical examples. 


Specific modeling tasks which should be Initiated In the 
near future Include: 

(1) Modify the Suits model to Include non-orthogonal 
projections, at least for the phase function. The 
ultimate utility of the Suits approach Is likely to 
be limited by the orthogonal assumption, even for 
homogeneous plane-parallel canopies. 

(ii) Modify the Smith and Oliver SRVC model to Include 

viewing azimuth dependencies. Convert the Monte Carlo 
implementation to a deterministic mode. Make the 
model "easy" to use by the uninitiated. 

(iii) Ber.ci-mark the above models on appropriate data sets 

which will probably require specific field or laboratory 
experiments. Identify strengths and weaknesses, (break- 
downs in assumptions) and recommend improvements. It 
is likely that the result of this analysis will be 
guidelines for the design of a new model appropriate 
for homogeneous plane-parallel media. 

Further irodellng tasks which should also be initiated in a 
reasonable time frame Include: 

(iv) An attack on what Holmes has called the structured 

earth problem, e.g., models appropriate for row crops, 
and other mixture "pixels". Bunnik has suggested a 
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way to modify the Suits approach to handle this case. 

The SRVC model may lend Itself to such cases, par- 
ticularly at a dlscpete point level. Jackson has 
Indicated some phenomenological approaches to the problem. 
The modeling of the mixture pixels frwn a process- 
oriented viewpoint, as opposed to a statistical approach, 
Is obviously a difficult problem. It may be that It 
Is solvable only for selected cases; perhaps, by 
approaches which have not yet been formulated. It 
Is particularly with regard to this problem that a 
review of radiative transfer theory Is suggested. 

(v) Include polarization effects In the existing canopy 

models. A theoretical analysis of selected hypothetical 
canopies should then lead to predictions which can be 
verified either In the laboratory or field. 

3. Initiate a review of canopy submodels. Carefully defined lab- 
oratory experiments similar to the early work of Dreece and 
Holmes should be executed. These results will prove useful 
for the canopy level models. In addition, the applications of 
target models to discipline-oriented problems will be improved 
by linking agronomic variables through the subcomponents to the 
canopy level. 

4. Examine the feasibility of defining new feature sets useful 

for multispectral , multiaspect, or multi-polarization classifi- 
cation. A systematic review of the impact of surface response 
variability should prove useful in defining potential preproces- 
sing or normalization algorithms. 
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5. Examine the Impact of a true bidirectional reflectance du.rl- 
butlon function, versus a Lambertian assumption, on atmospheric 
modeling. The coupling of BROF models to atmospheric models 
may require some subtle considerations. 
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A. Source 


and View Angle Effects on Reflectance 
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Study of Che bldirecclooel reflectance of com and soybean leaves 
In a laboratory. (Figures 4, 3 and 6) are polar bidirectional scattering 
distribution functions for live, healchly soybean leaves at incidence 
angles 0”, 30° and 60*. For wavelengths greater than 730 nsi both re- 
flectance and cransnictance are more lambertian compared to the highly 
absorptive smaller wavelengths. Leaf reflectance is more specular 
chan transmittance at strongly absorbing wavelengths. 
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Fif. 4. Putar pk>U irf soybean lest »'cuh^i and r'cos(» — ••n) 
for top incidence at hm • 0*. 
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Colwtll, J.E. 1974, Grass Canopy Bidiractional Spaccral Raflaccanct, 
Proc, of cha 9ch Int, Svtao, on Ramoce Sensing of Environ . 

V. 2:1061-1085. 


la chls study of using bidirectional reflectance measurements to 
assess the standing biomass of grasslands source-sensor angle variations 
were considered. Table lists the reflectance for solar zenith angles 
of 20* and 75*. Reflectances are greater at the 20* sun angle for the 
green, red and IR bands. This trend is reversed for green/red, IR/red 
and IR/ green ratios. The reason given for the lack of normalization in 
the ratios is the difference in transmission for the cl.ree bands and 
hence differential shadowing (V « vertical LAI, H ■ Horizontal LAI). 

Spectral reflectance changes are complicated by the addition of view 
angle. In the case of Figure 4 at large look angles canopy reflectance, 
for two zenith angles, increase^'lncreased zenith angle and at small 
look angles canopy reflectance decreases with increasing zenith angle. 

IR/red reflectance ratios vs. total leaf area are plotted in 

Figure 3. Ratloed reflectances differences for Timothy and Oats as a 
fxmctlon of biomass are shown in Figure 8. 


TAB12 3* E77SC7 CP ZSIIIH AtX2l£ ON CHANC2 31 C^^^PY 
3SXFECTIOM1. SrECTPAL fSTJS^KKS TOR A 

o* liXK angle: (v/h • 2 / 1 ) 


Rtfitesanet 

:«nith Awl* R*d 3 lr»«n/?td S/?.td 5/^rttn 




nCUHES. CALCULATED RATtC VERSUS TOTAL UA.1. Look ucl*. 
• ■ 0^, tMUii lacl*. * • Rr> 
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REO BKNnCCTlOHAL RCrLECTAIiCE f%} 



FTOJRE «. 

ANGULAR VARIATION IN BIDIRECTIONAL REFLECTANCE 
AS A FUNCTION OF SOLAR ZENITH ANCLE AND LOOK 
ANCLE. H > O.S, V > 1.0, Oo ■ 0<*, light soil. 
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nCURE 3. INFRARED/ RED REFLECTANCE RATIO FOR LIGHT 
SOIL AND LOOK ANCLE FOR OATS AND TIMOTHY 


» ■ Q* 



Couilon, K.L. 1966. Efftccs of Rofloccion Prop«rci«* of N*cur»l^ 
Surfacfts In Aorial Raconnaiaaanca. Aod 1« Opelcs 5(6) ;905-917. 


Haalaphcrieal-dlrac clonal raflaccanca and polarlzaclon maaauramanca 
wart obcalnad for various luida, toil and vagacaclon. In ganaral raflac-’ 
canca Incraaaaa and polarization dacraaias with incraaaing wavalangch and 
Incraaalng Incidanca angla for ainaral aurfacaa. For darkar soil sur- 
facas (Figura 4) and graan vagacaclon (Flgura 7) cha maxiaum reflaccanca 
in cha anclsourca diraccion is lass pronouncad chan for lighc-colorad 
sand (Figura 2). 



NATM AMOLCn 
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ir RCf'tecrAMCc 



FiC. 2. Dinetiooal 
nfieeUnet of da^ 
en sand at three 
didereot aoKlea of 
incidence (principal 
plane, X « $430 

A). 
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Coulson, K.L., G.M. Bouricius, and E.L. Gray. 1965. Optical Reflection 
Properties of Natural Surfaces. J« Geophysical Res . 70(18) s 
4601-4611. 


Measurefflents of hemispherical-conical reflectance and linear 
polarization for natural sands and soils are presented for wavelength 
of 492 na, 643 am and 796 nm. Isopleths of directional reflectance 
(actually hemispherical-conical) of red clay in the 643 xun band indicate 
maximum values at large view angles. A broad band of minimum values 
occurs through the 0* - 90* azimuth angle half of the hemisphere. Anti- 
source reflectances are higher (Figure 4) . Degree of polarization 
isopleths of red clay indicate that the phase angle is the dominant 
parameter due the pattern around the antisource direction (Figure 5). 

Directional reflectance of white quartz as a function of view angle 
and various incident angles show a general increase of reflectance with 
increasing solar altitude. The lway ^^B 1 lma occur at the backward direction 
and Che reflectance Increases with sun angle at 0* azimuth. Quartz ap- 
pears to be more lambertlan at smaller sun angles. Curves at left with 
auxiliary ordinate show that reflectance at 80* view angle and 0* azimuth 
is more than three times as great for a sun angle of 78* as that re- 
flected from the standard magnesium oxide surface (Figure 10). Higher 
polarization values are noted for qxiartz, however no polarization maximum 
occurs (Figure 11). 


Note: clay is red-opaque, quartz is white-semitransparent. 


<0 
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N*0« ANSLE(*) 

Fig. 4. liOfiletlti of the directional refle-ctaoce (.rp) over the outwarU licnii^tthvre tor 
clay soil. a« =r 53*, X s 6430 A. Xaiiir angle is rcpreseated by distance outward from 
orisin, and azimuth angle iz taken with re<pecc to source t'ontion. The pnttem is sx*mmett 
with reapect to the principal plane. The cur^-es have been extrapolated for # > %*. 
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WIOi* AfiiCU£ 0^ O0 S€I»VATiOi«( *j 


Fi*. 10. Dircchoonl rcflecl.aBcc of wliite quartz 
tnjiea of incidence. \ s 6430 .\, principal plane 
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Fig. II. Di'vrt"* of pobnz.Atioa of mliatioa 
reflected from nlm.' quartr *.nn«I. . 1 .'* ;i fuactiol of 
lunlir angle, for variou'^ angles of iiividcneo. \ = 
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Coulson, K.L. and D.W. Reynolds. 1971. The Spectral Reflectance of 
JJacural Surfaces. J« Appl. Meteorology 10:1285-1295. 


Measurements of blhemispherlcal reflectances of several natural 
surfaces. The reflectance of most surfaces reaches a maxlxniim at sun 
elevations of 10-20*. Surfaces of a complex structure generally show 
a decrease of reflectance with Increasing sun angle. Figure 14 depicts 
the blhemispherlcal reflectance of green bluegrass turf at five different 
wavelengths. It appears that at lower wavelengths the reflectances are 
nearly lambertlan for sun elevations greater than 20*. This pattern 
holds for most of the surfaces studied. 



fio. 14. Hemiflpheric reAeciance nf sreen blucsr&u turf at live tiiiTcrcnt wavelengths , 
u a (unction of sun elevation. 
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de Boer, Th. A., N. J. J. Bunnlk, H. W. J. van Kasceren, D. Uenk, W. Verhoef, 
and G. P. de Loot. Invesclgaclon Into che Spectral Signature of Agrlcul** 
tural Crops During their State of Growth. 1974. Ninth Int. Sywp. Ren. Ser 
Env . University of Michigan, p. 1441-1434. 


Field biconical reflectances of nature wheat and cut grass were 
measured using a spectroradiometer and constant irradiance source. 
Figures 7 and 8 depict the spectral signatures of what and cut grass, 
respectively, as a function of wavelength and view angle. In both 
cases reflectance increased as view angle increased. 
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Ouggin, M.J. 1977. Llksly Efftccs of Solar Eltvaeion on ch« Quancifi- 
cacion of Changaa In Vagtcaclon vlch Macurlcy using Saquancial 
LANDSAT laagary. Aool. Optica 16:521-523. 


Ground baaad raflaccanca aaasumancs vich tha Landsat band pasaas» 
whaac raflaccancaa show a ganaral dacraasa with Incraaslng solar ala- 
vacion angla (Flgura 1). Aaynnatry about solar noon Is apparancly dua 
to dlffarantlal shadowing causad by ro 1 ^■spaclng and orlantatlon. Tha 
ratio of MSS band 7 to MSS band 5 rasultad In a similar sun angla da- 
pandanca for all savan varlatlas of whaat studlad . } 
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F,gb«rt, D.O. And F.T. UlAby, 1972, EffAcc of Anglos on RoflAccivlcy, 
Phocogrtmocrlc SnstnAArlng . 38(6) :556-564, 


Study of rsfloctAncA as a function of aolar alavatlon angla, aanaor 
vlaw angla and aanaor-aun aaisuth angla and wavalangth for graaa and 
aaphalt. Flltarad light statar raadlnga vara convartad to fooc-Iambarts 
and rafaranead to an Eaatman Kodak 18 parcant raflactanca gray card. 
Graaa raflactanca la hlghar for larga vlaw anglaa. For aun angla of 
15* and azlmucha of 0* and 180* ^,raaa raflactanca la flva claaa hlghar 
chan for 90* azlauth. Aa aun angla Incraaaaa bayond 35* raflactanca 
variability dacraaaas and surfaca approxlatataa a lanbartlan rafleccor. 
Spaccrally tha curvaa ara alallar but thoaa bands that hava lowar ra- 
fieccanca ara lass sanslclva to axtrana angla conditions (Flgura 7). 
Asphalt shows highly spacular raflactanca at solar angla of 15*. azimuth 
of 180* and vlaw angla of 80* (Flgura 8). 
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Kimes, D. S., J. A. Smith, and K. J. Ranson. 1979. Interpreting Vegetation 
Reflectance Measurements as a Function of Solar Zenith Angle. NASA 
Technical Memorandum 80320. Goddard Space Flight Center. Greenbelt, 
Maryland 20771. 29 p. (Also submitted to Photo . Eng . ^ Rem. Sens. 


Hemispherical conical reflectance of Lodgepole Pine and meadow canopies 
are plotted for two wavelengths as a function of the solar zenith angle. 
Arrows indicate the sequence of the data from morning to afternoon. 

For both canopies, reflectance increased with decreasing zenith angle 
with the exception of meadow at 0.80 micrometers. 
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Figure I . Spectral heinisphcrical-conical rcflectiince versus solar zenith angle of lodgcpolc pine (A) and meadow (B) 
at site 1 for tiie 0.(>8 and 0.80pm bands. Lodgepole and meadow data were collected 0657-1400 hours MUT August 4, 1976 

and 0815-1558 hours MDT August 6, 1976. 
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Kondratiev, K.Y.Z., F. Mironova, and A.M. Otto. 1964. Spectral 

Albedo of Natural Surfaces. Pure and Aopl. Geophysics 59:207-216. 


Figure 6 depicts the change In spectral albedo (A) (blhemlspherlcal 
reflectance) due to sun angle effects for two days. Reflectances can 
change 30 to 40 percent due to the position of the sun from 26* to 66* 
for June. For July reflectances change up to 60 percent with a change 
in the sun angle from 24 to 62*. 
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Krtabel, K.T. 1978. Avarage Variability of cha Radiation Raflactad by 
Vegatated Surfacas dua to Differing Irradiations, Remote S_ans_ . 
Environ. 7:81-83. 


Ranges of biconical reflectances for four natural surfaces given 
changes in solar zenith angle and optical depth are given as Table 1. 


TABLE 1 

Percent Change of the Reflected Radiance due to a Change of the Distribution of the 
Irradiation either by one Degree of the Solar Zenith Angle or by 10% Change of the 
Optical Depth of the Atmosphere, Averaged over ail Directions of Reflection and 
over all Distributions of the Irradiation. 

Surface type Average change of the reflected radiance 


Per degree change of the Per 10% change of 

solar zenith angle the optical depth 


Savannah 

t 1.0% 

± 1.6% 

Bog 

±0.9% 

t 0.7% 

Pasture land 

± 1.7% 

± 1.0% 

Conferous forest 

t 2.3% 

± 1.5% 

Average over the 
four surfaces 

± 1.5% 

± 1.2% 


UiUGiNAL 
OF POOR QUAi^TTY 
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K.T. 1978. M.«ur.d Sp.ectjl ! 7 (j?”-, 53.259 

Properties of Four Vegetated Surfaces. Appl. Opci^ 


Blconlcal reflectances for four natural surfaces in the 521 nm 
band. Measured radiance referenced to calculated Irradiance. Figures 
1-4 show Increased reflectance for Increased view angles. Reflectances 
at a solar zenith angle of 20* have less azimuthal variation. 
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HerLECTANCC 


Rao, V.R., E.J. Brach, and A.R* Mack. 1979. Bidiraccional Raflaccanca 
of Crops and cha Soil Contribution, Raaota Sana, Environ . 8:115-125. 


CoDparaa reflactancas of saveral crops at low obliqua-viewlng 
anglts and varying solar zsnith and azlnuth a^lss. Normallzsd bi- 
conical raflsccancas are calculated from o > t( 1(X)/E) with E computed 
as a function solar geometry and atmospheric parameters. 

The effects of varying sun and sensor view angle and sun-sensor 
azimuths produce larger reflectance differences at higher sun angles 
between 750 and 1800 nm. All sensor-sun combinations show strong 
absorption In 1350 nm water absorption band. 

Notation: f ■ sun-sensor azimuth angle, 0 ■ view or scattering angle 

(Figure 2). 
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3aloiaon»on, V.V. and W.E, Hariacc. 1971. Airborna Maasuranencs of 
Raflaccad Solar Radiaclon. Ranoca Sana. Environ. 2:1-8. 


Tabla II daacribaa cha varlaciona in dlracclonal raflaecanca ob- 
sarvad ovar dasarc laka bad, grassland and vagacatlon-swaap. Columns 
5 and 7 Use dlracclonal raflaccaneas for narrow and broad band passas, 
raspacclvaly. Col\imns 6 and 8 glva cha raclos of dlracclonal raflac- 
canca for txarrov and broad band passas, raspacclvaly, and cha avaraga 
valua of bldlracclonal raflaecanca. The rasulcs in Colvsan 10 (Column 
5 - Column 7) damonacraca, primarily, cha affacc chac spaccral raflac- 
canca of cha surfaca has on cha ralaclva magnlcuda of cha dlracclonal 
raflaccaneas obsarvad for cha cwo band pasaas. Adjuscad dlracclonal 
raflaccaneas In Column 9 show chac cha daserc lake has cha hlghasc broad 
band raflaecanca and densely vagacaced surfaca has cha lowest. Dlracclonal 
raflaecanca Increases vlch Increasing solar zanlch angle for all chraa 
surfaces. 


Tails H 

Dittetionai Reflectanca and Relativa Anisotropy Observed by th« Nimbus Medium Resolution Radiometer over Different 

Surfaces at Different Solar Zenith Anitas 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 




IfKoming 









Solar 

energy 







Flight 


zenith 

(S) 





c 


No. 

Surface 

angle (•) 

(Ly/min) 

(rs)A 


(r»)i 

(rg)gi 

J-.fr,), 


1 

Desert lake bad 

58-59 

0.72 

0.28 

1.13 

0.23 

1.14 

0.33 

0.05 

2 

Desert lake bed 

70-73 

0.33 

0.24 

1.23 

0.19 

1.18 

0.34 

0.05 

3 

Grassland 

59-43 

— 

0.19 

1.29 

C.19 

1.30 


0.00 

4 

Grassland 

37-59 


0.21 

1.31 

0.19 

1.28 

mmm 

002 

3 

Grassland 

35-37 

— 

0.18 

1.26 

0.19 

1.18 


-001 

6 

Grassland 


0.37 

0.23 

1.27 

0.24 

1.30 

0.32 

-0.01 

7 

Grassland 

59-62 

0.72 

0.22 

1.22 

0.22 

1.18 

0.30 

-0.00 

8 

Grassland 

78-82 

— 

0.13 

2.18 

0.16 

1.80 


-0.03 

9 

VetetatioiMwamp 

56-61 

0.74 

0.07 

1.68 

0.11 

1.37 

0.16 

-0.04 

10 

Ve|aution>swamp 

70-73 

0.40 

0.08 

2.43 

0.11 

1.61 

0.18 

-0.03 
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B, Pha*« Angl« Effect* on Poltrixaclon 


(S«tt alto Coulton tc «1,1965) 
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Egan, W.C., J. Cruaaufkaj, and H.B. Hallock. 1968. Op deal Dapolarlaa 
cion Proparelas of Surfacta Illumlnacad by Cohtrtnc Light. Appl. 
Opcicf 7(8): 1329-1534. 


DapolarLzadon aaaauraiMinca wlch 632.8 na laa«r radiation vtra 
oad« of olnaral and v«g« cation aaaplaa. Ac highar phasa anglaa 
(angla baevaan oourca and tanaor) wac loll aaaplaa of sand, graval 
and silt dapolarlza 632.8 na light laas chan dry aaaplaa. Frash 
saag>laa of rhododandron and holly loavaa and pina naadlao ara claarly 
diffamciatad by dapolarization at 0* vlawing angla but lasa so at 
60* vlawing angla. Drying of cha laavaa ganarally incraaaas polariza- 
tion, aa vaa cha caaa with soil sanplaa (Flgura 6). Dapolarization 
diffarancaa changa with vlawing angla dua to shadowing and laaf gaomtry. 
Soil parcicla slza and porosity also affacc cha dapolarizacion 
charac carls ties (Figuras 3 and 4). 
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Ftc- 0 . ii^eet of moistura on depoivization of yarioua soila (b«ach sand, gravel, silt): (A) beach sand, 0* viewing sn^e; 
(B) beach sand, 60* viewing angle; (C) gravel, 0* viewing angle; (D) gravri, 60* viewing an^e; (E) silt, 0* viewing an^e, (F) 

silt, 60* viewing angle. 
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Fig. 6. DepoUriiatioa by evergreen leaves: effect of dr>*uig: 

(A) fresh pine, rhododendron, and holly, 0* viewing angle: 

(B) fresh pine, rhododendron, and holly, 60* viewing angle: 

(C) dried pine, rhododendron, and holly, 0* viewing angle: 

(D) dried pine, rhododendron, and holly, 60* viewing angle. 
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fERaNI RMMMZAIKM 



Fit 3 LimomUi<VenRnfo County, P»-): effect of particl* siie 

on depolnrimion (37-«8 m. 1.19-2.38 mm): (») 0* vice ,nf 
anfle. (b) 90* viewing angle. 
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Fig. 4. Bftsalt (Chioiaey Rock, N.J. ) : et ect of surface porosity 
on depolarization: (a) 0* viewing angl:, ,b) $0* viewing angle. 
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Egan, W,G. 1970, Opcical Scokas Paramecers for Farm Crop Identification. 
Remote Sens. Environ. 1:165-180, 


Measurements of first and second Stokes parameters were made of 
several farm crops. Figures 5 a-b and 6 a-b show the relative bright- 
ness obtained in the first and second Stokes parameters, respectively, 
for alfalfa and potato leaves. The second Stokes parameter nay be 
better than the first for identifying species and soil moisture 
differences. 
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' Fit. 6. Spectropolanmeiric curves for M) incidence angle i^uml 
Siokcs ptraimterl. u» Alfalfa leaves, (bl Long Island poiaio leaves 
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>«U. XC«I< 


Fig. S. Sr ctropiKNonwric curva for 30 ' incKknoe angk (flrsi 
Siokcs pvuncteri. (a) Alfalfa leaves, ibl Long Island potato leaves. 
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C. Applicaclons of Ratio Techniques 
(See also Duggln,1977) 
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Kan«mMu, E.T. 1974. ScMonal C«nopy R«fl«ccanct PACCtrnf of Whoac, 
Sorghum, and Soybtan. Ronoco Son«. Environ. 3:43-47. 


RACloiag ch« bihomiiphorlcal rofloccanco of agrieulcural cropa in 
tha S45 nm and 643 nm wavalangch bands Indlcaca vary llccla changa dua 
CO aolar alavaclon angla variation. Maar IR raflactanca dacraaaad wleh 
Incraasad aolar alavaclon angla for vhaac and sorghum. 

Soybaan naar IR raflaccancas varlad dus apparancly Co changas In 
laaf angla with sun alavaclon (Flgura 3). 



MtM ikl«*r>«i 

Fm. I. Eflkt of loUr aiovaiio* (0>hohaoB) oa iho rdl«c> 
uaco ratio of 545— 45S*nm wavtbaad and on tho near* 
iafrartd raflactaact (750 am) of wbaat (bool iiact). lor- 
|haa (tarty bonding), toybana (iaio podding), and dry lilty 
day loaa. 
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Tucker, C.J., B.N. Holben, J.H. Elgin, Jr., and J.E. McMercrey, III. 
1979. The Relaclonship of Red and Phocographlc Infrared Speccral 
Daca Co Grain Yield Variacion Wichin a Winter Wheat Field. 

NASA Technical Memorandum 80318, NASA/ Goddard Space Flight Center, 
Greenbelc, Maryland. 22 p. 

(Also sub^cced to Photog. Eng. & Rem. Sens .) 


Infrared to red narrow band radiance ratios of winter wheat were 
acquired throughout a growing season. IR/red radiances plotted against 
Julian date show the effects of canopy development and reaction to water 
stress and recovery for three sample plots. The normalized difference 
(ND) (IR-red)/(IR*Hred) shows similar results. 
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JUUANOAH 

(B) 

l*ii:iiro 2. The ir/red ndiuncc ratio (A) and the nonnali/ed diltVrcnee « B) from three 
2- \ .'*m plots plotted ajpmst Julian data. The vcrtieal arrows represent episodes ot 
r.imiall. Note the respon>e ot the two spectral variables t" the ocvurrenee *jI preupi- 
tation which ended i^riods of water stress. 
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D. Angular Consldaraclona for Enhancing Classlficaclon 
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3untiik, N.J.J. 1978. The Mulcltp«ccral R«£l«ccAnc« of Shorevavo 

Radlaclon by Agriculcural Crops In Rsltcion wlch chair Morpholc* 
gicsl and OpcicAl Proparcioa* Uagsningtn. Madadtlingan 
Landbouwhogsschool. Nsdsrland 78-1. 175 p. 


Bunnick dascrlbas cha affaecs of aourca and aansor gaooacry on 
canopy raflaecanca. Tha following obaarvaelons vara aada: 

1) Ac a 75* zanlch vlav angla background soil raflaecanca in cha 
vlslbla wavalangcha may ba naglaccad for aoac crops. 

r ' 

2) Haasuramancs vhara cha sourca and sansor anglas :ira squlvalanc 
(canopy hoc spoc) cha ralaclonahlps baewaan spaccral raflaecanca and 
canopy varlablas such aa laaf color and scacua could be dacacced. 

An acclve conical scanning system is raconaandad. 

3) Dacacclon normal co cha earth's surface or under a zenith angla 
of 51.8* ellmlnacas cha influence of canopy laaf angla distribution 
on raflaecanca as a * ncclon of tha apparent soil cover parcancaga. 

4) Various combinations of reflectance values in cha graan, rad and 
near IR produce a vail defined relation vlch soil covert LAI and 
differences in soil moisture concent. The ratio of raflaecanca in 
Che red and graan bands for view anglas coincident vlch sourca angla 
and 51.8* is indapandant of canopy structure. 

5) Active conical scanning under an angla of 51.8* using an aircraft 
platform allows for cha collection of raflaecanca data under cloudy 
skies wlch lass efface from atmospheric variability. 
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MAlila« U. A., R. H. Hlcbcr, and J. E. Sarno. 1974. Analysis of 

Mulclspactral Slgnacuras and Invesclgaclon of Mulcl-Aspacc Renoca 
Sensing Techniques. 


A cheoreclcal calculacion of the equlvalenc Lambertian reflectance 
to be expected from a leafleaa forest superimposed on a snow-covered 
background. Reflectance versus bark reflectance Is calculated 
for several cases of stand density and branching volume. Results 
for 0 degrees and 45 degrees off-nadir are shown. 
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EQUIVALENT LAMBERTIAN REFLECTANCE (xlOOO) 


^ X = 45/360 I Stem 
X = 0® J Only 


stand Stem Density, 
Stand Basal Area, 
Stand Height, 

Stand Stem Volume, 
Stand Branch Volume, 


N = 70 ha 
Ab = 20 ni2/ha 
H = 20m 
Va = 133 m^/ha 
Vb = 2(F r Vs 


Average Branch Diameter, - 25,12.5,5mm 

X = Tilt Angle. Heading 
Scan Angle = 0° 

Sun Azimuth - 165*^ 

Sun Zenith = 53® 


BARK REFLECTANCE {'i) 


FIGURE 26. EFFECT OF BItANClIES ON THEORETICAL MULTI- ASPECT REFLECTANCE 

FOR LEAFLESS FOREST 
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Oliver, R.£« and J.A, Smich. 1974. A Scochasclc Canopy Modal of 
Dlumal Raflactanca* Final Raporc. U.S. Army Rasaarch Offica 
Durham. DAHC04 74 GOOOl. 82 p. 


Vagataclon canopy ttructura in tarma of cha mean projactlon of 
laaf alamancs is laasc sanalclva to laaf angle distribution whan 
viewed at an inclination angle of 57. 5* (Figure 5). Apparent directional 
reflectance (henispherical<-directional) as a function of zenith view 
angle for five canopy geometries is also insensitive at the 57.5* 
view angle (Figure 11). The effects of leaf area index on canopy 
reflectance are shown in Figure 12. These results indicate that 
discrimination of LAI should be maximized at larger view angles. 


APPSARENT DIRECTIONAL REFLECTANCE 



Figure 12. Effect of Vegetation Leaf Area Index on Canopy 
Apparent Directional Reflectance. The results 
shown represent the simulation of a Spherical 
canopy at a wavelength of .8pm and a solar 
senith of 37^. 
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- - - PIANOPHILE 

— PLAfilOPHILE 


EXTREMOPHILE 




25 35 45 55 65 

ZENITH VIEW ANGLE (DEGREES) 


d Apparent Directional Reflectance for 
y Types Shown in Figure 4. 
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♦ Wests»^n 



30 60 90 

ZENITH VIEW ANGLE 


Figure 5. Mean Projection of a Leaf Element tor Each of 
the Canopy Types Shown in Figure 4. 
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Smichi J. A. and R. E. Ollvtr. 1974. Effacca of Changing Canopy Dlractional 
Raflactanca ou Faacura Salacclon. App . Opc . 13 (7): 1599-1604. 


A Monca Carlo Canopy raflactanca modal vaa utillzad to pradict 
tha bidlract tonal raflactanca diatrlbutlon function for two 
Boutaloua gractlia canopiaa differing only in laaf-araa-indax. 

Tha apparent directional raflactanca waa calculated for two 
solar sanith angles (22 and 44 degrees) as a function of wavelength. 
Separability, as measured by tha divergence criteria, was calculated 
as a function of look angle. Maximum discrimination is predicted 
for large sanith look angles near 55 degrees. 
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DIVERGENCE 



Variation in saxiaua divergence with scan angle and 
best cvo wavelengths out of seven. Results are 
given for 12:00 (solar zenith angle 22.3 degrees) 
and 9:00 (solar zenith angle 44.3 degrees) cocputer 
siaulations . 
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